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Preface 



Since the discovery of the insulating nature of the transition-metal oxides 
with incompletely filled 3d shells in 1937, the interest in this fascinating class 
of compounds, in particular in their electronic structure, has never vanished. 
Presently, research in this field is gaining increasing importance because a 
detailed knowledge of the oxides’ bulk and surface electronic structure is 
essential for understanding and optimizing the mechanisms relevant to the 
growing number of technological applications of these materials, which are 
used in lasers, sensors, and catalysis. In this monograph, the present knowl- 
edge about the electronic structure of the monoxides NiO, CoO, and MnO is 
briefly reviewed, particularly with respect to the 3d electrons, which remain 
localized at the transition-metal ions because a strong Coulomb correlation 
prevents them from forming a partially filled 3d conduction band, leading to 
the insulating behavior. 

We have investigated the electronic structure of the monoxides by study- 
ing the dipole-forbidden transitions between the crystal-field-split 3d states 
(“d-d transitions”) of the transition-metal ions by means of spin-polarized 
electron energy-loss spectroscopy (SPEELS), with polarized primary electrons 
and polarization analysis of the inelastically scattered electrons. The d-d 
transitions are hardly accessible to optical spectroscopies, but can easily be 
excited by electrons owing to the possibility of electron exchange. SPEELS 
allows not only an unambiguous proof of electron exchange processes and 
investigations of their behavior, but also the identification and investigation 
of other inelastic scattering mechanisms involved in the excitation process - 
such as dipole and resonance scattering - if the primary energy and scatter- 
ing geometry are varied, owing to the different dependences of the different 
scattering mechanisms on these parameters. The knowledge and use of res- 
onant primary energies in union with spin-resolved measurements is found 
to be essential for the determination of d-d excitation energies. The varia- 
tion of the scattering geometry provides additional important information, 
not only about the contributions of the different scattering mechanisms to 
the scattering or excitation process, but also concerning the assignment of 
energy-loss peaks to particular d-d excitations and the identification of the 
d-d transitions of surface transition-metal ions. With this technique, it was 
possible to measure and assign nearly all sextet-quartet d-d transitions of 
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MnO; for CoO, some d-d excitations with higher excitation energies than 
those previously measured have been measured for the first time. Some of 
the theoretically predicted surface d-d excitations of NiO have been mea- 
sured, in addition to bulk d-d excitations. After an introduction to the var- 
ious relevant inelastic scattering mechanisms, the experimental method and 
its possibilities are described. The results of our investigations concerning 
transition-metal oxides are presented thoroughly and compared with other 
experimental and theoretical results. 

This work is an updated and slightly extended version of my post-doctoral 
thesis (Habilitationsschrift), finished at the end of 1998. The experimental 
results presented and summarized here have been obtained at the Institute of 
Applied Physics at the Heinrich-Heine University of Diisseldorf. I am deeply 
indebted to all my colleagues at this institute - it is hard to find somebody 
here who did not support my work. Nevertheless, some people have to be 
mentioned in particular: first of all I want to thank Prof. Dr. Erhard Kisker 
for his continuous interest in the experiments and his support in the solution 
of many problems, and also Dr. Hildegard Hammer, who was always ready 
to help, whatever the problem was - often oblivious of time. 

Research at universities is not possible without two groups of people: 
imdergraduate and graduate students, and the technical staff. It gives me 
great pleasure to thank them here. The undergraduate and graduate students 
who contributed to this work were Bernd Runge, Maxkus Schmitt, Alexander 
Hylla, Christian Koch, Rainer Deufien, Thomas Anschutz, Cersten Bethke, 
Udo Brunokowski, and Michael Moller. Mechanical and electronic problems 
were always quickly solved by Stefan Manderla, Wilfried Gjungjek-Schiitzek, 
and Ulrich Rosowski. Thank you very much! 

Collaboration and discussions with scientists from other institutes and 
universities were very helpful. In particular I would like to thank Prof. Dr. 
Horst Merz and Dr. Andreas Gorschluter for their very extensive collabora- 
tion in the early stages of the “oxide project” . They also supported us later 
on - for example by donating some crystals. The stimulating and critical dis- 
cussions with Prof. Dr. Volker Staemraler, Prof. Dr. Hans-Joachim Freund, 
Dr. Thomas Schdnherr, Prof. Dr. John Inglesfield, eind Frank Muller opened 
up many new aspects concerning the physics of oxides. Thank you! I am addi- 
tionally indebted to Frank Muller and Dr. Andreas Gorschluter for providing 
the data presented in Figs. 3.4 and 5.7, respectively. 

I would like to thank Dieter for the endless patience he had with me, espe- 
cially in difficult phases of this project, and which he showed just recently by 
the time-consuming reading of the manuscript. I thank Cordelia Koppitz for 
her ceireful reading of some sections of the manuscript - several grammatical 
mistakes were eliminated by her. 

I am very grateful to the Ministry of Science and Research of North-Rhine 
Westphalia for granting a Lise-Meitner-Stipendium. Without this financial 
support during five years it would have been impossible for me to finish this 
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project. I am also indebted to the German Research Society for the financial 
support of our experiments. 

Diisseldorf Barbel Promme 

November 2000 
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1. Introduction 



Transition-metal oxides form a fascinating class of compounds with a wide 
range of technological applications. They are used in catalysis, lasers, and 
magnetic recording tapes, as well as in sensors for very high pressures and 
for gases, for example. New applications in magnetic-field sensors, based on 
the principle of giant magnetoresistance [67] , and in transparent transistors, 
applicable as on-screen electronic devices in displays or cameras [165], were 
added recently. In addition, they are responsible for the occurrence of high- 
temperature superconductivity. 

The possibility of these various applications of transition-metal oxides 
derives from an enormous variety of different physical and chemical prop- 
erties, based on the electronic structures of the bulk as well as the surface 
of these oxides. Bulk effects, for example, are responsible for the occurrence 
of many kinds of electric conductivity and magnetic order: whereas the sim- 
ple monoxides MnO, CoO, NiO, and CuO are insulators with gaps of up to 
several electron volts, the Cu-oxide-based perovskites such as YBa2Cu307_5 
and Bi2Sr2CaCu20s+5 show high-temperature superconductivity. Semicon- 
ducting oxides (Feo.gO), as well as compounds with metallic conductivity like 
ReOs, exist [23]. The magnetic order often differs strongly for similar oxides: 
whereas Ci'203 is an antiferromagnet, the chromium oxide Cr02, which is also 
stable and is used in magnetic recording, exhibits ferromagnetic behavior. 
The monoxides of the 3d series also show antiferromagnetic order, but with 
strongly differing Neel temperatures [23, p. 134], [3, p. 5]: NiO has a high Neel 
temperature far above room temperature (Tn = 523 K) and forms therefore 
a suitable antiferromagnetic pinning layer for giant-magnetoresistance and 
spin valve devices, used in magnetic-field sensors and magnetic heads for disk 
systems, respectively [61, 142]. The very similar insulating compound MnO, 
however, has a much lower Neel temperature of 118 K and is paramagnetic at 
room temperature. The catalytic behavior of several transition- metal oxides 
and the occurrence of adsorption-induced changes in the surface conductivity 
of ZnO, SnOg, and Ti02, which are used in gas sensors, are attributed to the 
electronic properties of the surfaces [75, 173, 174]. 

For a lot of applications and for the explanation of several phenomena 
occurring in the transition-metal (TM) oxides, the TM 3d electrons in par- 
ticular, and their behavior are of central significance. The 3d electrons and 
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3d holes remain localized at the TM ions in several oxides and show not 
band-like, but quasi-atomic-like character. In contrast to free atoms or ions, 
where the d states are degenerate, the d states of the transition-metal ions 
in the oxides are energetically split owing to the crystal field provided by the 
surrounding oxygen ions. Transitions between 3d states are of great influ- 
ence on the optical properties and often determine the color of a compound. 
For example, the d~d transitions of the Cr^+ ions in Cr 203 are responsible 
for the green color of this compound, used in ceramic glazing for centuries. 
The equivalent transitions of Cr^+ embedded in the different crystal field of 
AI 2 O 3 provide the beautiful red color of ruby and are used for the generation 
of laser light in the ruby laser [116, 117, 125, 188]. In addition, the energy 
shift of these transitions due to the pressure dependence of the crystal-field 
splitting can be used for measurements of very high pressures of up to more 
than 10® Pa [42]. 

A knowledge of the behavior of adsorbates is essential for the under- 
standing of catalytic processes at the oxides’ surfaces. Here the localized 3d 
states are also of considerable importance, because the crystal-field splitting 
of surface transition-metal ions, which deviates from that of bulk ions ow- 
ing to missing oxygen ions, can be used to determine the adsorption sites of 
molecules: if the adsorbed molecule occupies regular surface sites, it replaces 
the missing oxygen ions at the surface and the surface crystal-field splitting 
is found to be altered after adsorption; it becomes similar to the crystal- 
field splitting of bulk transition-metal ions again. No changes are expected, 
however, if the adsorbed molecule resides at other sites, for example surface 
defects. By use of this effect, the adsorption of NO at regular surface sites of 
NiO(lOO) was demonstrated; OH molecules, on the contrary, were found to 
be adsorbed at defects on this surface [44, 46, 48]. 

For the origin of high-temperature superconductivity in the Cu-O-based 
perovskites, not the localization of the 3d electrons, but the interaction of a 
localized Cu 3d hole with a movable O 2p hole, leading to the formation of a 
so-called Zhang-Rice singlet, seems to be essential [70, 216]. 

In the transition-metal oxides with incompletely filled 3d shells such as 
Cr 203 , MnO, FeO, CoO, and NiO, the localization of the TM 3d electrons is 
responsible for the insulating nature of the oxides. These oxides were among 
the first solids found where the band picture fails to describe a wide range of 
physical properties. From simple band-structure calculations, the 3d states 
are expected to form an incompletely filled 3d conduction band, leading to 
metallic conductivity of the oxides similar to that of the corresponding transi- 
tion metals [84, pp. 184ff.], which is not in fact observed. In fact, these oxides 
belong to the class of Mott-Hubbard or charge-transfer insulators, because 
a strong Coulomb correlation prevents the electrons from forming a 3d band 
and localizes them at the transition-metal ions. The electrons cannot move 
freely and an energy of several electron volts is needed for electron transfer 
between neighboring transition-metal ions. It was the discovery of this insu- 
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lating behavior of the transition-metal monoxides [27] and its contradiction 
to the results in the young field of band-structure calculations which started 
the intense investigations into their electronic structure, which have lasted 
up to the present day. In the last few years especially, the growing interest 
in sensors and catalysis and, in particular, the discovery of high-temperature 
superconductivity in the Cu-0 perovskites have forced the intensification of 
studies concerning the bulk and surface electronic structure of these oxides. 

In the work described in this book, the electronic structure of MnO, CoO, 
and NiO was investigated by studying the dipole-forbidden transitions be- 
tween the crystal-field-split 3d states of bulk and surface transition-metal 
ions with spin-polarized electron energy-loss spectroscopy (SPEELS) using 
low-energy electrons with energies of 20-130 eV. In addition, some transi- 
tions across the insulating gap and excitations from upper core levels were 
examined. After a summary of the present knowledge of the electronic struc- 
ture of the transition-metal monoxides (Chap. 2) the experimental method 
is described in detail in Chap. 3. However, some introductory remarks, de- 
scribing, the motivation for the application of energy-loss spectroscopy and 
of its more sophisticated version using polarized electrons (SPEELS) to the 
transition-metal oxides, will be presented here. 

Despite an often poorer energy resolution, electron spectroscopies with 
low-energy electrons provide several advantages relative to optical absorp- 
tion spectroscopy. The primary energy of the exciting electrons is very easily 
swept over a wide energy range, corresponding to the energy of visible light 
up to soft x-rays. This opens the possibility to examine d-d transitions, which 
require excitation energies of less than « 6 eV, as well as excitations from va- 
lence band and upper core levels. In optical spectroscopies, this is possible 
only if synchrotron radiation is used. With electron energy-loss spectroscopy, 
collective excitations such as plasmons are also observed; phonons and vi- 
bronic excitations of adsorbed molecules can be measured, if the energy res- 
olution is high enough. Owing to the low penetration depth of the electrons, 
electron energy-loss spectroscopy is very surface-sensitive and allows investi- 
gations to improve the knowledge of the surface electronic structure, which 
is essential for the understanding of adsorption and catalysis. In particular, 
for the examination of dipole-forbidden excitations such as d-d transitions, 
which are barely excited by photons, electron energy-loss spectroscopy is ex- 
cellently suitable owing to the “breakdown” of dipole selection rules: apart 
from electric dipole transitions, other electric multipole transitions and, es- 
pecially, excitation by electron exchange become possible if electron impact 
is used for excitation. 

Generally, electron exchange is a well-known but at present poorly inves- 
tigated phenomenon in excitations of atoms, molecules, and solids. In par- 
ticular, the angle and energy dependence of the inelastic exchange-scattering 
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process^ is usually not clear. Calculations of the exchange-scattering cross 
sections are difficult, because, in contrast to other inelastic scattering mech- 
anisms, a detailed microscopic description of the electron-target interaction 
is needed. The reason for the nearly total lack of experimental investigations 
is found in the extreme difficulty of identifying exchange processes unam- 
biguously, because it is necessary to distinguish between scattered primary 
electrons and emitted true target electrons in this case. But electrons are 
distinguishable only if their spin directions are different. Therefore, an un- 
ambiguous experimental proof of electron-exchange excitations requires both 
a polarized primary electron beam and the polarization analysis of the in- 
elastically scattered electrons, which is possible only with the particular kind 
of spin-polarized electron energy-loss spectroscopy that was used in the work 
described here, where a polarized primary electron beam is scattered at the 
target and the energy distribution and polarization of the scattered electrons 
are measured simultaneously. 

Besides the determination of excitation energies, which is also possible by 
conventional electron energy-loss spectroscopy with unpolarized electrons, 
and the direct proof of exchange processes mentioned above, SPEELS pro- 
vides further advantages: if other parameters such as the primary energy or 
scattering geometry are varied additionally, it is possible to distinguish be- 
tween different scattering mechanisms such as exchange, dipole, and resonant 
scattering. These different scattering mechanisms correspond to different in- 
teractions between the incident electrons and the target, leading to excitation 
of the target and the inelastic scattering process. The contributions of the 
different electron-target interactions can be determined, which allows con- 
clusions about the kind of excitation to be drawn. Their scattering-geometry 
and energy dependence can be examined. 

The experimental setup is briefly described in Chap. 4; details of the crys- 
tals used and the preparation of their surfaces are also described there. The 
results of our investigations of the transition-metal monoxides are presented 
and discussed in Chap. 5. 



^ The terms “exchange scattering” and “exchange excitation” are used in parallel 
in this work, as in the literature, because they are almost equivalent descriptions 
of the same physical process: electrons are inelastically scattered at a target, 
which is excited in the process. If the excitation is accompanied by electron 
exchange, the scattering process is called “exchange scattering” . 



2. Electronic Structure of MnO, CoO, and NiO 



2.1 Introduction 

Investigations of the electronic structure of transition-metal oxides with in- 
completely filled 3d shells have a long history [15]. With the discovery of their 
insulating behavior, presented at a conference in Bristol in 1937 [27], they 
were among the first highly correlated systems found, where band theory 
fails to describe a wide range of physical properties. For the monoxides it is 
mainly the large size of the insulating gap and often the occurrence of a gap 
at all which cannot be explained adequately in one-particle band-structure 
formalisms such as the local-density approximation (LDA). Determined at- 
tempts have been made during the last sixty years to understand the origin 
of the insulating gaps, and it were the ingenious ideas of Peierls, Wilson, and 
Mott [137] at the Bristol conference and the later work of Mott [138] and Hub- 
bard [81] which brought the problems closer to a solution. According to these 
ideas, which led to the development of the concepts of Mott-Hubbard and 
charge-transfer insulators later on, a strong Coulomb correlation between the 
d electrons is responsible for the insulating nature of the monoxides. Briefly, 
the d electrons remain localized at the metal ions, because their Coulomb 
correlation prevents them from forming an incompletely filled 3d band. They 
do not behave like a gas of easily movable electrons, because an energy of 
several electron volts is needed for the transport of electrons through the 
crystal lattice, and the conductivity is therefore very low.^ 

In addition to the origin of the insulating gaps, several experimental re- 
sults obtained from optical and electron energy-loss spectroscopy cannot be 
understood in terms of band-structure calculations, because they clearly re- 
flect the localization and correlation of the 3d electrons. For example, only 
a very small dispersion of the 3d states is found in angle-resolved pho- 
toemission spectra [82, 83, 105, 113, 177, 178, 179], and excitations from 
core levels into 3d states - in particular the 3p-3d excitations - appear as 

^ Specific-resistance values between 10^ and 10^® D cm at 300 K are reported in 
the literature for the transition-metal monoxides [1, 27, 33, 127], [3, p.5]. The 
specific resistance can differ by several orders of magnitude for different samples 
of the same compound. This must be attributed to impurities and defects, which 
are always present in these oxide crystals and determine the conductivity [1] 
(Sect. 4.1.4). 
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relatively sharp structures in electron energy-loss spectra [56, 63, 64, 184] 
(Figs. 5.7 and 5.32), similar to excitations of free atoms. Strong final-state 
effects, due to the electron correlation, are observed in valence-band as well 
as core-level photoemission spectra through the existence of strong satellites 
[25, 59, 84, 97, 105, 113, 114, 178, 179, 200, 201, 202, 203, 211, 124]. In 
particular, the sharp structures observed in the optical gap in optical absorp- 
tion and electron energy-loss spectra can only be interpreted as transitions 
between localized, discrete transition-metal 3d states, which are split in the 
crystal field of the surrounding oxygen ions (for a survey see the book by Cox 
[23]; several other publications are cited in Sect. 2.3). 

It is well accepted now that local models, such as crystal-field, ligand-field, 
or cluster calculations, are needed for realistic theoretical treatments of the 
transition-metal 3d states (Sect. 2.3) which are consistent with experimental 
results. For the O 2p states, on the other hand, LDA band-structure calcu- 
lations have been found to be in fairly good agreement with experimental 
results, as a comparison with dispersion curves deduced from angle-resolved 
photoemission spectra of NiO and CoO shows [82, 83, 177, 178, 179], [84, p. 
276]. It is this coexistence of local and band-like features in the electronic 
structure and the resulting physical properties such as the occurrence of the 
large insulating gaps in the transition-metal monoxides which led to the long- 
standing interest in these materials, resulting in numerous investigations. In 
particular, in the last few years, the attempts to understand the electronic 
structure and high-temperature superconductivity of the Cu"0 perovskites 
led to a reexamination of the more or less unsolved problems occurring in the 
similar but much simpler binary transition-metal oxides and forced the inten- 
sification of theoretical as well as experimental investigation of the electronic 
structure of these compounds. But at present, no unified theoretical approach 
is available which can describe the electronic properties of the monoxides co- 
herently [23, p. 36], [84, p. 183]. 

In this chapter, the electronic structure of NiO, CoO, and MnO is briefly 
reviewed. Apart from a short summary of the origin of the insulating gaps 
(Sect. 2.2), the main considerations are the localized 3d states, their crystal- 
field splitting, and the d-d excitations within this crystal-field multiplet 
(Sect. 2.3), because these states and excitations have been the main subject 
of our experimental investigations. 



2.2 Crystal Structure and Optical Gap 

The transition- metal monoxides MnO, CoO, and NiO form ionic, anti- 
ferromagnetic crystals with the NaCl structure [3, p. 4] (Fig. 2.1). Two 
transition-metal electrons saturate the O 2p shell, leading to O^” ions with 
the [He]2s^2p® configuration and TM^+ ions with the [Ar]3d" configuration 
(Table 2.1). 
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Fig. 2.1. Crystal structure of MnO, CoO, and NiO 



Table 2.1. Electronic configuration, measured insulating gap, Neel temperature, 
and lattice constant of MnO, CoO, and NiO. The data are taken from the references 
indicated in the footnote 



Oxide 


Electronic 

Configuration 

q 2 - rpj^2 + 


Insulating 

gap 

(eV) 


Neel 

Temperature 

(K) 


Lattice 

Constant 

(nm) 


MnO 


[He] 2s2 2p® 


[Ar] 3d® 


3.6-4.2‘= 


118=^ 


0.444'* 


CoO 


[He] 2s^2p® 


[Ar] 3d^ 


2.5-6^= 


289*^ 


0.426'* 


NiO 


[He] 2s^2p® 


[Ar] 3d® 


3. 1-4.3“ 


523'^ 


0.417'* 



‘=■[21, 33, 94, 201]. 

‘=[163, 178, 202], [64, p. 72], [21, 164]. 
“[63, 82, 83, 108, 127, 163, 170]. 

13, p. 5]. 



The chemical bond is not purely ionic, but also contains covalent con- 
tributions, as can be directly inferred from the results of x-ray absorption 
spectroscopy (XAS). Without any hybridization bet'ween anion and cation 
orbitals, the dipole-allo'wed O ls~0 2p transition is impossible O'wing to the 
closed O 2p shell of the ion. Nevertheless, the x-ray absorption spectra 
exhibit a high intensity near the O Is threshold [26, 28, 105, 108, 141], -which 
is attributed to the reduction of the number of filled states with O 2p charac- 
ter owing to O 2p/TM 3d hybridization. The strength of the O ls-0 2p/TM 3d 
absorption is directly related to the degree of covalency, which is strong in the 
first half of the 3d series and diminishes for the late transition-metal oxides 
owing to shrinkage of the TM3d orbitals [28], [84, p. 202]. A hybridization 
of O 2p with TM 4s and TM 4p states is also found [28] . The O 2p-TM 3d 
hybridization of MnO and NiO is also evident from results of resonant pho- 
toemission spectroscopy at the Mn 2p threshold [200, p. 77] and from compar- 
ison of x-ray emission spectra (O 2p--0 Is and Ni 3d~Ni 2p transitions) [200, 
p. 54]. 
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The antiferromagnetic order of the transition- metal monoxides MnO, 
FeO, CoO, and NiO is of that type which is often called type II antiferromag- 
netism [66, pp. 91ff.], [152, 195, 199]; in the transition-metal fee sublattice 
(Fig. 2.1), nearest neighbors in the [100] direction (which are separated by an 
oxygen ion) are antiferromagnetically coupled, i.e. their spins are in opposite 
directions. As result, the (111) planes of the transition-metal sublattice are 
planes of parallel spins; adjacent (111) planes show an antiparallel alignment 
of the spins. The Neel temperatures, which differ strongly for the different 
oxides, are given in Table 2.1. 

From a simple band-structure point of view, NiO, CoO, and MnO should 
be metals like the corresponding transition metals, owing to their incom- 
pletely filled 3d states. But, as mentioned already in Sect. 2.1, they are in- 
sulators with wide insulating gaps^ of several electron volts. The gap widths 
have been determined by several experimental methods, such as optical ab- 
sorption spectroscopy [164], [94, 163], electron energy-loss spectroscopy [63], 
[64, p. 72], and photoconductivity [33] and electroreflectance [127] measure- 
ments. In addition, the gap widths can be inferred from the energy separa- 
tion between occupied and unoccupied states by combining photoemission 
and bremsstrahlung isochromat spectra [82, 83, 170, 178, 201, 202]. It is also 
possible to estimate the gap width of NiO by comparison of x-ray absorption 
spectra of pure and Li-doped NiO [83, 108].^ The results obtained by the 
different methods are summarized in Table 2.1. The differences in the pub- 
lished gap widths arise mainly from different gap definitions, and it seems to 
be more or less a matter of taste which is preferred. For NiO, for example, 
the values obtained by different methods of evaluation from one single ab- 
sorption curve deviate by more than 25%, as illustrated by Hiifner [83], [84, 
p. 188]. In the case of CoO this deviation is considerably larger (Sect. 5.6.2), 
which is the reason for the larger scatter of the published gap widths (Ta- 
ble 2.1). Some of the gap definitions which can be used to obtain the gap 
width from optical absorption and electron energy-loss spectra are described 
in Sect. 5.6.2, where the optical gap widths are determined from our electron 
energy- loss spectra (Fig. 5.33). 

^ The term “insulating gap” or “optical gap” instead of “bandgap” is used here 
to emphasize the fact that the origin of the gaps in NiO, CoO, and MnO is not 
describable in terms of single-particle band-structure calculations. The electronic 
transitions which determine the gap width do not occur between band-like states, 
but involve localized d states as explained below. 

® The first peak in the x-ray absorption spectra of the NiO oxygen K edge (532 eV) 
is attributed to an O Is^ Ni3d®-0 IsNiSd® transition, which is possible owing 
to the hybridization of the O 2p and Ni3d states (see above). In the Li-doped 
samples a further absorption peak appears at « 528.5 eV, which is assigned to 
the excitation of O Is electrons into holes created by the doping. The energy 
difference between these two peaks is close to but smaller than the gap width, 
because the energy separation between the Fermi level and the Li induced hole 
must be taken into account. 
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The origin of the gaps has been the subject of numerous investigations 
since the discovery of the insulating nature of the transition-metal monoxides. 
These investigations and their results have been reviewed by several authors. 
The present “state of the art” is given in a detailed review by Hiifner [84] 
and the references therein and is summarized here only briefly. 

As sketched already in Sect. 2.1, the difficulties in understanding the 
nature of the insulating gaps and many other physical properties of the 
transition-metal monoxides arise from the fact that no unified theory exists 
which covers all the properties of the oxides sufficiently. Whereas the fully 
occupied O 2p states form bands with a dispersion consistent with LDA band- 
structure calculations, as shown by comparison with experimental results ob- 
tained by angle-resolved photoemission spectroscopy [82, 83, 177, 178, 179], 
the application of such calculations to the 3d states produces results in con- 
tradiction to many experimental results: from the angular-resolved photoe- 
mission measurements of Shen et al. [177, 178], the dispersion of the 3d 
states is found to be ~0.3eV for NiO(lOO) and CoO(lOO) single crystals, 
which is only 25% of the 3d band width (1.2 eV) calculated by the same au- 
thors. A similar small dispersion is also measured by Hiifner et al. [82, 83] 
and Kuhlenbeck et al. [105] for cleaved NiO(lOO) single crystals, as well as 
Ni0(100)/Ni(100) thin films. Also, the dispersion of the MnO 3d states is 
small and found to be less than iO.leV [113]. The agreement between ex- 
perimental results and band-structure calculations is improved if the antifer- 
romagnetic order is taken into account. In this case, the calculated 3d bands 
of NiO are found to be much narrower than the nonmagnetic bands [179], but 
several discrepancies still remain. In particular, single-particle band-structure 
calculations cannot reproduce the measured gap widths of the oxides: in such 
calculations, small insulating gaps occur for MnO and NiO, if type II anti- 
ferromagnetism is assumed [151, 152, 194, 195]. In the paramagnetic phase 
a very small gap persists for MnO, but in the case of NiO the gap van- 
ishes completely. This would lead to a conducting behavior of NiO above the 
Neel temperature, which is not observed experimentally. The gap widths of 
0.4-2.2eV for MnO [12, 104, 151, 152, 190, 194, 195] and 0.2~0.4eV for NiO 
[12, 87, 151, 152, 190, 194, 195] are too low and deviate for NiO, in particular, 
by an order of magnitude from the experimental results (Table 2.1). Indepen- 
dently of the magnetic order, no gap is found for CoO at all: CoO should be a 
conductor from single-particle band-structure calculations, in contradiction 
to all experimental results [12, 194, 195]. The reason for these discrepan- 
cies is the strong Coulomb interaction among the 3d electrons in the oxides, 
which cannot be treated correctly in single-particle band-structure calcula- 
tions. This Coulomb correlation prevents the electrons from forming 3d bands 
and localizes them at the transition-metal ions. 

It is well established now that the insulating gaps of the transition-metal 
monoxides do not occur between band-like states. “Interionic” excitations 
between two TM^+ ions with transfer of a 3d electron from one transition- 
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metal ion to another determine the gap width. It is customary to distinguish 
between two kinds of such interionic transitions, the Mott~Huhbard and the 
charge-transfer transitions. The two transitions usually require different ex- 
citation energies, owing to different final states. These two kinds of interionic 
transitions are sketched in Fig. 2.2: for the excitation of the Mott-Hubbard 
transition (Fig. 2.2a), the Coulomb correlation energy U is needed for the 
creation of a 3d hole at one transition-metal site and transfer of the electron 
to another transition-metal ion: 

3d’"-k3d”-kC/^3d”-i-k3d”+^ (2.1) 

If the 3d hole is immediately screened by a charge transfer from the oxygen 
ligand (Fig. 2.2b), the hole is finally located at the ligand and the charge- 
transfer energy A is required for this excitation: 

3d"L -h 3d”L -h Z\ ^ 3d”L-^ -h 3d”+^L (2.2) 

In (2.2), the oxygen ligand is denoted by L and the ligand hole, due to the 
missing electron by L“^. 
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Fig. 2.2. Interionic transitions between TM^"''-ions (according to Zaanen and 
Sawatzky [171, 215]); (a) Mott-Hubbard transition; (b) charge-transfer transition 



If [/ < A, the Mott-Hubbard transition determines the gap and the 
compound is called Mott-Hubbard insulator; if Z\ < [/, it is called a charge- 
transfer insulator. Compounds where U and A are of comparable size are a 
mixed form of the two types of insulator because both Mott-Hubbard and 
charge-transfer transitions contribute to the excitations which determine the 
gap. 

NiO was thought to be the prototype of the Mott-Hubbard insulator for 
a long time, but it is clear now that it belongs to the class of charge-transfer 
insulators. Values for U and A are obtained by comparing and fitting the 
results of cluster calculations (see Sect. 2.3.1) to core level or valence band^ 

The term “Valence band” is chosen here according to the customary usage in 
photoemission spectroscopy (PES). In PES, emission from the occupied states 
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photoemission spectra [58, 114, 203]. Many of these values have been sum- 
marized by Hiifner [84, p. 226]; values obtained from other calculations and 
measurements are also included. In most of the calculations A is found to lie 
between wd-BeV and is therefore several electron volts lower than U, which 
is calculated to be « 7-10.5 eV. In our electron energy-loss measurements we 
find the maximum of the first excitation across the optical gap at «4.8-5eV 
(shoulder a in Fig. 5.33a, Sect. 5.6.2), which is in accordance with the values 
calculated for the charge-transfer transition. 

MnO seems to be a mixed form of Mott-Hubbard and charge-transfer in- 
sulator. The Coulomb correlation energy and the charge-transfer energy have 
been calculated to be of comparable size {A = {7 ± 1) eV, U = (7.5 ±0.05) eV 
[60]; A = 8.8 eV, U = 8.5 eV [202]). Our measurements are in accordance 
with these values (Sect. 5.6). The maximum of the first excitation across the 
gap occurs at «7eV (Table 5.5, shoulder a in Figs. 5.32 and 5.33c). 

For CoO, the situation is not yet clear [114, 202]. Whereas most of the 
calculated values of the charge-transfer energy A are between 5 and 7 eV, the 
values of the Coulomb correlation energy U scatter considerably (4.7-11 eV) 
[8^1, p. 214]. The gap of CoO seems to be of either the charge-transfer or the 
mixed charge-transfer/Mott-Hubbard type with A k, U] both assumptions 
are in accordance with the published values for U and A. Optical absorption 
measurements exhibit a first absorption peak at «6.5eV [163]. A weak ex- 
citation shoulder at 6.5-7 eV is also indicated in electron energy-loss spectra 
[65], [64, pp. 71ff[ (shoulder a in Fig. 5.33b), but a broad, distinct maximum 
occurs between 7.5 and 9.5 eV (b in Fig. 5.33b; «8.7eV in the spectra of 
Gorschliiter and Merz [65], [64, pp. 71ff[). Both measured excitation energies 
roughly coincide with the published values for A and U. In our energy-loss 
spectra an equivalent behavior of the gap transitions of MnO and CoO is 
observed, unlike that of NiO (Sect. 5.6.2). This may be indicative of an iden- 
tical gap type in CoO and MnO: a mixed Mott-Hubbard/charge-transfer gap 
must also be assumed for CoO. 

Recent theoretical work on the transition-metal oxides introduces more re- 
alistic electron interactions and correlations into band-structure calculations 
and therefore tries to integrate the Mott-Hubbard or charge-transfer picture 
into band models. Here, the calculated gap widths of 2.54-4.5 eV for NiO 
[5, 118, 190, 191, 192, 193] and 3.4-5eV for MnO [5, 104, 120, 190, 191, 193] 
are in good agreement with the measured values (Table 2.1). Also, for 
CoO, realistic gap values of 2.51-4 eV are obtained with such calculations 
[5, 190, 191, 193]. In the calculations for NiO of Manghi et al. [118], for ex- 
ample, no assumption about magnetic order was made - the calculated gap 
is present even in the paramagnetic phase, and NiO remains insulating above 
the Neel temperature. In addition, in these calculations, the main structures 

close to the Fermi level is called valence-band emission even in the transition- 
metal oxides, despite the fact that band-like O 2p as well as localized TM 3d 
states are involved. 
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of photoemission spectra of the valence band as well as the inverse photoe- 
mission spectra and O x-ray emission spectra are often well reproduced 
[118, 120, 192, 193]. But the search for a unified theory remains: like all other 
band-structure calculations, these models are also unable to explain the exis- 
tence of the crystal-field multiplet arising from the splitting of the 3d states 
in the crystal field of the surrounding ions. The crystal-field splitting 
and the d-d excitations observed within this crystal-field multiplet can be 
understood in the framework of local models only, which are discussed in the 
following section. 



2.3 3d States and d— d Transitions 

2.3.1 Crystal-Field Multiplets 

As pointed out above (Sect. 2.2), it is the strong Coulomb correlation of 
the electrons in the incompletely filled TM3d shell which is responsible for 
the appearance of the large insulating gaps in the transition-metal monoxides. 
This correlation localizes the 3d electrons at the TM^+ ions. The 3d states are 
not describable in a pure band picture, and the 3d electrons behave similarly 
to the d electrons of free atoms or ions, but with one significant difference: in 
contrast to free atoms or ions, the degeneracy of the 3d states concerning the 
magnetic quantum number is partially lifted. In the O^-symmetric crystal 
field, provided by the six 0^~ ions surrounding each transition-metal ion 
octahedrally (Fig. 2.1), the 3d states, which are completely degenerate in the 
spherical symmetry of a free atom, are energetically split and a crystal-field 
multiplet of 3d states occurs. The crystal- field splitting is often illustrated and 
explained in a “one-electron picture” , where single d electrons are considered 
in an O/j-symmetric environment of point charges, representing the oxygen 
ions (Fig. 2.3). 

Whereas the eg orbitals (dj ,2 and da, 2 _y 2 ) are directed towards the oxygen 
ions, located on the coordinate axes, the t 2 g orbitals {dxy, dxz, and dyz) are 
located between the oxygen ions. Therefore, a 3d electron in an Cg orbital 
experiences a Coulomb potential different from that acting on a 3d electron 
in a t 2 g orbital, and the t 2 g and eg states become energetically separated 
by Z\cF (Fig. 2.3). Z\cf is called the “crystal-field splitting” or “crystal-field 
splitting parameter” and is the energy required for the excitation of a single 
d electron in the crystal field from a t 2 g into an eg orbital. In terms of group 
theory, the eigenfunctions corresponding to the t 2 g and eg states of single d 
electrons belong to different irreducible representations of the Oh point group 
and have different eigenvalues [22]. 

If the one-electron picture is extended by introducing the spin of the elec- 
trons and the exchange splitting Z\ex, which occurs between t 2 g or eg states 
of opposite spin directions (Fig. 2.4), this simple model can also be used to 
understand the electron configuration of the ground state and its multiplic- 
ity: in MnO (Fig. 2.4a), the exchange splitting Aex exceeds the crystal-field 



2.3 3d States and d-d Transitions 



13 




Fig. 2.3. Splitting of the d states of single electrons in an O/i-symmetric crystal 
field (after [23, p. 38]) 



splitting ZicF considerably [180, 195]. The ground state of the Mn^+-ions in 
MnO therefore has a high-spin configuration, i.e. the five d electrons occupy 
states of parallel spin preferentially, leading to a t^gOg configuration and a sex- 
tet ground state. Progressing through the series of monoxides, the exchange 
splitting decreases with increasing number of d electrons [194]. Nevertheless, 
Aex > 4\cf for CoO. The ground state of the Co^+ ions in CoO then also 
has a high-spin configuration, and Fig. 2.4a can be applied to CoO, with its 
3d^ configuration (Table 2.1), by adding two t 2 g(i) electrons (not shown in 
Fig. 2.4a). This leads to a t^gOg configuration and a quartet ground state [23, 
pp. 39, 40]. For NiO, the situation is slightly different, because the crystal- 
field and exchange splittings are of comparable size (« leV) [195]. However, 
even in the case that Z\cf exceeds Z\ex slightly, the Ni^+ ions have a high- 
spin ground state owing to their 3d® configuration, as can be inferred from 
Fig. 2.4b. All t 2 g levels and the two eg levels of parallel spin are occupied 
(^ 2 g®g configuration) and NiO has a triplet ground state [23, pp. 39, 40]. 

For the determination of a realistic crystal- field splitting Z\cf, the one- 
electron model is oversimplified, because the assumption of a pure Coulomb 
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Fig. 2.4. Crystal-field splitting Z\cf and exchange splitting Z\bx: (a) MnO; 
(b) NiO. (a) also applies to CoO, if two t 2 g(|) electrons are added. In MnO, all d 
states of parallel spin are occupied, whereas those of opposite spin are completely 
empty. Similar figures have been published by several authors [65, 171, 202] 



interaction between TM 3d electrons and O 2p ions usually underestimates 
the size of the crystal-field splitting. Orbital overlap and covalent interac- 
tions between metal and oxygen electrons must be taken into account (for a 
survey see the book by Cox [23, pp. 36ff.] or the review by Brandow [15] and 
references therein), and often these interactions give the main contributions 
to the crystal-field splitting: in NiO, ZicF is found to be « 1.1 eV [44, 148], 
but calculations of the crystal-field splitting based on the Coulomb interac- 
tion of the d electrons with point charges representing the oxygen ions give 
a much smaller value of only 0.3 eV [44]. 

Although the simple one-electron picture provides the great advantage of 
intuitive understanding of the occurrence of the crystal-field splitting (but 
not its size) and the occupation of the different d orbitals in the ground 
state, it must be used carefully and one has to be aware of its limitations: 
for the understanding of the variety of excited crystal-field multiplet states, 
the one-electron picture is often misleading, because not single d electrons 
but the Russell-Saunders terms of the complete transition-metal ion, arising 
from the LS coupling of its five, seven, or eight d electrons (Table 2.1) must 
be considered in the crystal field. Owing to the identical dependence of the 
single-electron wave functions and the wave functions corresponding to the 
Russell-Saunders terms S, P, D, F. . . of the complete d" configuration on 
the magnetic quantum number m^, the Russell-Saunders terms are split in 
the crystal field in the same manner as the single-electron states with the 
corresponding angular momenta, s, p, d, f. . . [22, p. 253]: as illustrated in 
Fig. 2.3 for the d orbitals of single electrons, the state of the eight 3d 
electrons of a free Ni^+ ion, for example, splits into a threefold degenerate 
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Table 2.2. Possible Russell-Saunders terms of the d®, d^, and d® configurations of 
free ions ([4, p. 166]) 



Configuration 


Terms 


d® (Mn^+) 
d^ (Co^+) 
d® (Ni^+) 


®S, ‘‘G, '‘F, ‘‘D, '“P, % ^H, ^G, ^F, ^D, ^P, ^S 
‘‘F, ‘‘P, ^G, ^F, ^D, ^P 

®F, ®P, ^G, ^D, ^S 



T 2 g and a twofold degenerate Eg level (now also denoted by capital letters) 
if the Ni^+ ion is put into the O/j-symmetric crystal field of NiO. All possible 
Russell-Saunders terms of the d^, d^ and d® configurations and their splitting 
in the O/j-symmetric crystal field are listed in Table 2.2 and 2.3. 

More instructive than Tables 2.2 and 2.3 are the term schemes of the 
3d crystal-field multiplets. Such term schemes are plotted in Figs. 2. 5-2. 7 
for MnO, CoO, and NiO in anticipation of our experimental results and the 
discussion below. The term energies in Figs. 2. 5-2. 7 correspond to values 
obtained by us with scattering-geometry-dependent spin-polarized electron 
energy-loss spectroscopy (Sect. 5.2, 5.3, and 5.5, Tables 5. 1-5. 3), with a few 
exceptions only. The assignment of the measured energies to the different 
crystal-field multiplet-terms has been done according to the results of our 
measurements in comparison with calculations and other experimental re- 
sults; details are discussed in Sect. 5.5. 

From the application of group theory, the number and symmetry of the 
possible crystal-field multiplet terms is known for the different d" configu- 
rations in a crystal field of a given symmetry (Tables 2.2 and 2.3 for Oh 
symmetry; see the book by Cotton ([22, pp. 252, 253] for other symmetries), 
but nothing can be inferred about their actual energies (Figs. 2. 5-2. 7). These 
energies depend strongly on the crystal field and on the electrostatic repulsion 
between the d electrons. Spin-orbit interaction is small in the oxides of the 3d 
series and often neglected in calculations [23, p. 43], [183]. The crystal-field 
strength is determined by the interactions between the transition-metal and 



Table 2.3. Splitting of the Russell-Saunders terms in an O/j-symmetric crystal 
field ([22, pp. 252ff.], [188, p. 33]) 



Term 


Splitting in an O/j-symmetric 
Grystal field 


S 


Ai 


P 


Ti 


D 


E -I- T 2 


F 


A 2 + Ti + T 2 


G 


Ai -t E -t Ti -f T 2 


H 


E -f 2Ti -t T 2 


I 


Ai + A 2 + E + Ti + 2 T 2 
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Fig. 2.5. Crystal-field splitting of MnO. All sextet and quartet states of the crystal- 
field multiplet in Oh symmetry are shown; the doublet states (Table 2.3) are omit- 
ted. The energetic positions correspond to our experimental results, except for the 
highest '*T 2 g(^F) state (Sect. 5.5.2, Table 5.1). The energies of the Russell-Saunders 
terms of the free ions are taken from [188, p. Ill] 



oxygen ions and their electrons. As pointed out above, orbital overlap and 
covalent contributions play a dominant role here and exceed the contribution 
of the pure Coulomb interaction. The crystal-field strength depends strongly 
on geometric parameters such as bond lengths or lattice constants. This de- 
pendence is the reason why ruby (and probably other TM oxides) can be used 
for measurements of very high pressure (> 10® Pa), as already mentioned in 
the introduction (Chap. 1): ruby consists of sapphire (AI 2 O 3 ) with less than 
1% of the aluminum substituted by chromium. Owing to the compression of 
the crystal under high pressure, the crystal-field strength changes. Thus, the 
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Fig. 2.6. Crystal-field splitting of CoO. All quartet states of the crystal-field mul- 
tiplet in O/i-symmetry are given; some of the doublet states of higher energy (Ta- 
ble 2.3) are omitted. The energetic positions of the energy levels correspond to our 
experimental results, except for the ^Eg (^G) level (Sect. 5.5.3, Table 5.2). Most en- 
ergies of the Russell-Saunders terms of the free ions are taken from ([188, p. 109]); 
some of the higher doublet terms (^P, ^D, ^F) are arbitrarily chosen 



energy separations within the crystal-field multiplet of the Cr^+ ions change, 
and the energy of the light emitted or absorbed in d-d transitions is shifted 
under pressure. The energy of the strongly dipole-forbidden (Sect. 2.3.2) '^A 2 g 
^ ^Eg transition, used for high-pressure measurements, decreases slightly but 
linearly with pressure (w 0.8-0.9cm“^ per 10® Pa) [42, 155]. 

Several calculations of the crystal-field multiplets of transition-metal com- 
pounds have been performed in the last forty years, differing mainly in the 
treatment of the orbital overlap and mixing between the TM 3d and O 2p 
states and the repulsion between the d electrons. A brief survey of the differ- 
ent theoretical models is given in the book by Cox [23, pp. 36ff.]: in the earlier 
ligand-field calculations, leading to the Sugano-Tanabe and Orgel diagrams 
[188, pp. 106ff.], [22, pp. 265ff.], [154], it is assumed that the d electrons 
remain in atomic-like d orbitals in the crystal field, and the electron repul- 
sion obtained for free ions with the corresponding d" configuration is used. 
The energies of the 3d multiplet terms of ions in different crystals are plot- 
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Fig. 2.7. Crystal-field splitting of NiO. All components of the crystal-field multi- 
plet in Oh symmetry (Table 2.3) are given. The energetic positions mainly corre- 
spond to our experimental results, some calculated singlet terms are also included 
(Sect. 5.5.4, Table 5..i); the separation of very close- lying levels has been slightly 
enhanced. The energetic separations between the Russell-Saunders terms of the 
free ions are taken from ([188, p. 108]) 



ted as a function of the crystal-field strength, represented by the splitting 
parameter Z\cf (Figs. 2.3 and 2.4). Owing to a reduction of the electron re- 
pulsion in the transition-metal compounds [23, pp. 43,44] and uncertainties 
in the actual value of Aqf for the compounds considered (see Sect. 5.5.2), 
the Sugano-Tanabe diagrams often give only a rough quantitative estima- 
tion of the energy levels. However, they are very helpful for determining the 
crystal-field multiplet of a compound qualitatively, and the energies taken 
from these diagrams often show an astonishingly good correspondence with 



2.3 3d States and d-d Transitions 



19 



experimental results (Sect. 5.5.3, Table 5.2). The diagrams can be used in a 
very successful way to understand the differences in the multiplets of identical 
ions in different crystal-field surroundings, thereby explaining the different 
colors of ruby and Cr 203 , for example. In these two compounds, different 
crystal-field strengths are responsible for different energetic separations of 
the multiplet states of Cr^+ ions in AI 2 O 3 and Cr 203 [188, pp. 117ff.], [125]. 
Light of different wavelengths is absorbed in the d-d excitations within the 
crystal-field multiplets, leading to the red and green colors, respectively, of 
these substances. 

Especially in the last few years, more sophisticated local cluster models, 
based on molecular-orbital and configuration-interaction calculations, have 
been developed and applied very successfully in calculations of the 3d crystal- 
field multiplets of several transition-metal compounds [13, 44, 60, 59, 73, 
181, 201, 202, 203]. In these calculations small clusters, often containing the 
transition-metal ion and its adjacent six oxygen ions only, are considered. 
Apart from calculations of the multiplet of the bulk transition- metal ions, 
the efficiency of such cluster calculations was impressively demonstrated in 
calculations of the crystal-field multiplet of the surface transition-metal ions, 
which deviates from that of the bulk owing to changes in the crystal field 
caused by missing oxygen ions (Sect. 2. 3. 3.1). The calculated energies of the 
surface crystal-field multiplet [13, 44, 128, 181] are in fairly good accordance 
with experimental results [13, 44, 53, 65, 73, 139, 140] (Sects. 5.3.2, 5.5.3, 
5.5.4, Table 5.4). 

Cluster calculations are also found to be an effective tool for the in- 
terpretation and explanation of x-ray absorption, bremsstrahlung isochro- 
mat and, in particular, photoemission spectra of transition- metal compounds 
[58, 60, 59, 113, 114, 153, 201, 202, 203, 214]. The photoemission spec- 
tra exhibit a variety of satellite structures, arising from the strong elec- 
tron correlation. With the configuration-interaction method the contribu- 
tions of unscreened d"“^L final states, where the photoelectron is emitted 
from a transition-metal 3d state, and d"L“^ final states, where the 3d hole is 
screened by a ligand-to-metal charge transfer (L“^ denotes the ligand hole; 
see Sect. 2.2), to the main lines and the various satellites could definitely be 
determined. The participation of d"+^L“^ final states with transfer of two 
electrons from the ligand to the metal has also been demonstrated for NiO 
[58, 59, 203], as well as for MnO [60, 201] and CoO [202]. 

All theories, ligand- field as well as cluster calculations, agree in the pre- 
dictions for the ground states of the TM^+ ions in MnO, CoO, and NiO: 
the ground states of free Mn^+, Co^+ and Ni^+ ions are formed according to 
Hund’s rules. The state with the highest multiplicity has the lowest energy. 
If more than one state exists with this multiplicity, the one with the high- 
est angular momentum is the ground state. This is the state for Mn^+ 
ions, '^F for Co^’*' ions, and for Ni^+ ions (Table 2.2). Owing to their 
high-spin configurations (Fig. 2.4), the ground state of a transition-metal ion 
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in the crystal field of the corresponding monoxide is the lowest crystal-field 
component of these states (Table 2.3). These are the ®Aig, "‘Tig, and ^A 2 g 
states in MnO, CoO, and NiO [154], [188, pp. lOfiff.j. Whereas the and 
ground states are split into three states of A 2 g, Tig, and T 2 g symmetry in 
the O/j-symmetric crystal field of CoO and NiO (Table 2.3, Figs. 2.6 and 2.7), 
the high-symmetry state of Mn^+ (^Aig for Mn^+ ions in MnO) remains 
unsplit. All excited states of free Mn^+ ions, as well as those of Mn^+ ions in 
MnO, are quartet or doublet states (Tables 2.2 and 2.3, Fig. 2.5). In contrast 
to CoO and NiO, all d-d transitions from the ground state therefore require 
a change in multiplicity. The d-d transitions in NiO, CoO, and MnO and 
their probabilities are discussed in Sect. 2.3.2. 

A variety of measured and calculated term energies of the excited 3d 
crystal-field multiplet states have been published (see Tables 5. 1-5.3 and ref- 
erences cited above). Most calculations have been carried out and optimized 
in relation to experimental results and therefore often show excellent corre- 
spondence with some of the measured multiplet terms. Nevertheless, a lot of 
open questions remain. Owing to particularly strong discrepancies between 
different calculations and the nearly complete lack of calculations and mea- 
surements of most of the energies of the higher multiplet terms, a variety of 
uncertainties arise in the assignment and comparison of the measured ener- 
gies to the calculated values. The details are discussed in Sect. 5.5 together 
with our experimental results, and only a few examples will be given here: 
for CoO (Fig. 2.6), the structure of the crystal-field multiplet seems not to 
be clear at all at present. Different calculations differ significantly for several 
3d states, and the assignment of measured energies to particular multiplet 
terms is therefore very difficult. Even the energy of the ^A 2 g state, split from 
the ^F ground state of the free d^ configuration, differs by more than leV 
in different cluster calculations (the calculated values are 1.71 eV [73, 181] 
and 3.06 eV [202], Table 5.2), and none of these calculations is very close to 
the experimental results, which clearly show an energy of 2 eV for the '‘A 2 g 
("‘F) state (Sects. 5.3. 1.1, 5.5.3). For NiO (Fig. 2.7), the ^Tig (^F) and ‘Eg 
(‘^D) states are calculated to differ by « 50-300 meV only, but different cal- 
culations make different predictions as to whether the ^Tig or the ‘^Eg state 
is higher in energy [59, 96, 129, 203] (Table 5.3). 



2.3.2 d d Transitions 

One thing in particular that is responsible for the present uncertainties in 
the crystal-field multiplets is the lack of definite experimental data for a 
variety of term energies, especially for those of higher excitation energy. 
This lack is caused by the considerable experimental difficulties arising in 
the measurement of these energies: excitations within the crystal-field mul- 
tiplet are transitions between 3d states and therefore strongly forbidden 
by dipole selection rules. All d-d transitions violate the parity selection 
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rule Al = ±1 (Laporte rule). The multiplicity-changing transitions vio- 
late the spin selection rule AS = 0 additionally. Whereas in NiO and CoO 
multiplicity-conserving triplet-triplet and quartet-quartet transitions, as well 
as multiplicity-changing triplet-singlet and quartet-doublet transitions, oc- 
cur (Figs. 2.7 and 2.6), in MnO, with its half-filled 3d shell (Table 2.1) all tran- 
sitions from the ®Aig (®S) ground state are multiplicity-changing (Fig. 2.5) 
and are forbidden by the parity as well as by the spin selection rule. 

Generally, electric dipole-forbidden transitions remain forbidden in Oh 
symmetry, but the parity selection rule is slightly weakened by a mechanism 
initially introduced and discussed by van Vleck for the f-f transitions of rare 
earths [206]. Briefly, an admixture of odd-parity parts to the even-parity 
wave function can occur even in complexes with a center of inversion, owing 
to symmetry distortions arising from lattice vibrations [188, p. 113], [22, 
pp. 280ff.], [23, p. 46]. Nevertheless, the dipole matrix elements remain small, 
leading to optical absorption coefficients two to three orders of magnitude 
lower than those of dipole-allowed transitions across the optical gaps of the 
oxides [148, 163, 164]. Those transitions which are forbidden additionally by 
the spin selection rule can occur in optical absorption spectra only because of 
spin-orbit interaction [188, p. 116], which is expected to be small in the oxides 
of the 3d series [23, p. 43]. The optical transition probabilities for parity- and 
spin-forbidden electric dipole transitions have been estimated to be seven 
orders of magnitude lower than for the dipole-allowed ones [188, p. 116]. 
Nevertheless, the spin-forbidden transitions are visible in optical absorption 
spectra, but with very weak intensities [85, 94, 148, 164]. 

More convenient for the examination of d-d transitions is electron energy- 
loss spectroscopy (EELS) with low-energy electrons. Especially in the last 
few years, this method has gained increasing significance in investigations 
of the dipole-forbidden d-d excitations in transition-metal oxides and f-f 
excitations in rare-earth metals (see Sect. 3.1 for references). The great ad- 
vantage of exciting such transitions with slow electrons is the possibility of 
excitation by electron exchange. Multiplicity-conserving {AS = 0), as well as 
multiplicity-changing transitions with AS = —1, are easily observable with 
electron energy-loss spectroscopy if a suitable energy of the incident electrons 
is chosen (Sects. 5.1, 5.2). In particular, if spin-polarized electron energy-loss 
spectroscopy (SPEELS) is used, where the d-d excitations are excited by po- 
larized electrons and the polarization of the scattered electrons is measured 
(Sect. 3.3), the exchange processes can be proved unambiguously and their 
contributions to the excitation process can be determined for the different 
d-d transitions. This is discussed in detail in Chap. 3. Other advantages 
of electron energy-loss spectroscopy in comparison with optical absorption 
spectroscopy are also discussed there. 
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2.3.3 Surface Transition-Metal Ions 

2. 3. 3.1 Surface Crystal-Field Multiplets. As already pointed out in 
Sect. 2.3.1, the 3d crystal-field splitting of transition-metal ions in compounds 
depends on both the strength and the symmetry of the crystal field. It is in- 
tuitively clear, then, that the crystal-field multiplet of surface TM ions in 
oxides differs strongly from that of the bulk ions, owing to the reduced sym- 
metry caused by missing oxygen ions at the surface (Fig. 2.8). In fact, in 
the electron energy-loss spectra of NiO, CoO, and Ci '203 sharp energy-loss 
peaks appear in the gap which cannot be attributed to excitations within the 
bulk 3d multiplet (Sect. 2.3.1). These peaks are visible only with the very 
surface-sensitive version of EELS that uses low-energy electrons (Sect. 3.1) - 
not in spectra obtained with surface-insensitive methods such as high-energy 
EELS [65, 63], [64, pp. 103ff.j and optical absorption spectroscopy [148] - 
and they are found to depend on the surface and its properties: they appear 
in spectra of freshly cleaved transition-metal oxide crystals or freshly pre- 
pared oxide films only and are very sensitive to adsorbates, contamination, 
and surface damage by electron or ion impact [17, 44, 65, 106, 213], [64, 
pp. 103ff.], [13, 46, 47, 48, 53, 54, 73, 107]. In electron energy-loss spectra of 
very thin NiO/Ag(001) films (in the submonolayer range) only these peaks 
are visible in addition to the fiat EEL spectrum of the Ag substrate ~ bulk 
d“d excitations are not observed as expected [139, 140]. 

With cluster calculations [13, 44, 73, 128, 181], it was possible to assign 
these energy-loss structures to excitations within the 3d crystal-field mul- 
tiplet of the surface transition- metal ions. In these calculations, the bulk 
TM-ions of oxides with the NaCl structure such as NiO and CoO (Sect. 2.2) 
are considered in the octahedral crystal field of the surrounding six 0^~ ions 
(Fig. 2.8), embedded in an infinite Madelung field of point charges, repre- 
senting the other ions of the crystal. At the ideal defect-free (100) surface 
one 0^“ ion is assumed to be missing in the direction of the surface normal 
and the clusters contain only five 0^“ ions in a semi-infinite point-charge 
Madelung field. The Oh symmetry of the bulk of the transition-metal oxide 
is reduced to the tetragonal C^-v symmetry at the surface.^ As can be directly 
inferred from the simple one-electron picture of Fig. 2.3, the remaining de- 
generacy of the d states is further lifted at the surface because the change 
in the crystal field, caused by the missing oxygen ion in the z-direction (sur- 
face normal), affects mainly the d orbitals with a z component, especially 
the 3dz2 orbital. Whereas the energy required for the idxy 3da,2_y2 ex- 
citation remains unchanged, the 3dxz — *■ 3d22 and 3dyz 3d^2 excitations 
are energetically lowered, leading to a further splitting of the crystal-field 
multiplet terms [44] . A part of the crystal-field multiplet of the surface Ni^+ 

® Cr 203 has the corundum structure. For bulk 3d multiplet calculations, the cluster 
used consists of one Cr^^ ion, surrounded by a slightly distorted octahedron of 
six 0 ^~ ions. If the (111) surface is considered, the cluster contains the surface 
Cr®+ ion and the three ions, representing its next neighbors [13, 128]. 
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Fig. 2.8. Illustration of the differences in symmetry of the crystal field experienced 
by bulk and surface transition-metal ions. Bulk ions are octahedrally surrounded 
by six ions. At the clean (100) surface (left), one ion of the octahedron 
is assumed to be missing and the surface transition-metal ions are tetragonally 
surrounded by hve ions only, leading to a C 4 v symmetric crystal field. Bulk 
transition-metal ions located next to an vacancy are exposed to a very similar 
crystal field. Surface TM ions adjacent to molecules adsorbed at regular surface 
sites (right) experience a nearly O^-symmetric crystal held, similar to that of bulk 
TM ions (see Sect. 2. 3. 3. 2) 



ions in NiO is shown in Fig. 2.9 according to the calculations of Freitag et al. 
For Co^’*' ions in CoO, a variety of surface d states has also been calculated 
[73, 181]. Calculated and measured surface d-d excitation energies of CoO 
and NiO are discussed in detail in Sects. 5.5.3, 5. 3. 2. 2 and 5.5.1 (Table 5.4) 
together with our experimental results. At present, neither calculations nor 
measurements of the 3d multiplet of surface Mn^+ ions in MnO have been 
published to our knowledge. 

As can be inferred from Fig. 2.8, the crystal field at bulk TM ions ad- 
jacent to a defect (0^“ vacancy) is also different from that of bulk ions in 
an undisturbed environment and can be expected to be very similar to that 
of the surface TM ions. In fact, the calculated multiplet d states differ only 
slightly in energy and it is hardly possible to distinguish between TM ions 
at the surface or at a defect [44, 48]. The decision as to whether a measured 
d-d transition which cannot be attributed to a bulk excitation should be 
assigned to a surface or to a “defect” d-d transition must be made in close 
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Fig. 2.9. Calculated crystal-field splitting of the 3d states of surface Ni^^ ions 
in NiO [44]. Only the splitting of the d states arising from the ground state 
of free ions is shown; calculations of the surface splitting of other terms of the d® 
configuration (Fig. 2.7) have not been published. The energetic positions of the 
bulk 3d states correspond to our experimental results (Sect. 3.5.4, Table 5.3) 



relation to experimental results: transitions within the 3d multiplet of a bulk 
TM ion located next to an oxygen vacancy should not be influenced by the 
state of the surface, whereas all surface d-d transitions are very sensitive to 
surface contamination and adsorbates owing to adsorbate-induced changes in 
the surface crystal- field multiplet. 

2. 3. 3. 2 Spectroscopy of the Surface 3d Multiplet — an Efficient Tool 
for Studying Surface Properties and Adsorption. The knowledge of 
the surface’s electronic structure and its interaction with adsorbates is essen- 
tial for understanding catalysis. Thus, the growing interest in catalysis has 
recently forced the intensification of investigations of the electronic structure 
of transition- metal oxides surfaces. In particular the 3d states of the sur- 
face TM ions play an important role, since it has been discovered that the 
spectroscopy of these states - in combination with calculations - allows con- 
clusions about the arrangement of surface ions, adsorption-induced changes, 
and adsorption sites to be drawn. 

If a molecule is adsorbed® next to a transition-metal ion on a regular sur- 
face site, the adsorbate replaces the missing oxygen ion at the surface. The 
symmetry and strength of the crystal field become similar to that of the bulk 



The adsorption itself can be demonstrated by measuring the vibration frequencies 
of the adsorbed molecules by high-resolution electron energy-loss spectroscopy 
(Sect. 3.1). 
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at the adsorbate-covered surface (Fig. 2.8), and the excitation energies of the 
surface d-d transitions are shifted towards the bulk d-d excitation energies 
[44, 48]. Adsorption at surface defects on the other hand, has negligible in- 
fluence on the surface 3d multiplet, and the surface d-d excitation energies 
remain unchanged. As already mentioned in the introduction (Chap. 1), the 
adsorption sites of several molecules have been investigated by use of this 
effect: NO is found to adsorb at regular sites on the NiO(lOO) surface, for 
example, whereas OH molecules, which cover the surface of several oxides 
after dissociative adsorption of water, are located at surface defects on the 
NiO(lOO) surface [17, 44, 46, 48]. On the NiO(lll) surface, on the contrary, 
OH seems to be bound to regular surface sites [17]. 

The (111) surfaces of the transition-metal oxides are very reactive towards 
adsorption of small molecules [18] and are therefore of central interest con- 
cerning catalysis. The NiO(lll) and CoO(lll) surfaces, which can only be 
prepared as thin Aims on a substrate and not by cleavage, are found to be 
OH-terminated just after preparation, owing to adsorption and dissociation of 
H 2 O molecules from the residual gas [18, 72]. The OH molecules stabilize the 
otherwise thermodynamically unstable polar (111) surface [19, 46, 72, 169]. 
Owing to the fact that the OH molecules occupy regular sites on the NiO(lll) 
surface, the surface transition- metal ions are in an octahedral environment 
similar to that of the bulk (Fig. 2.8), and surface d-d excitations are only 
weakly indicated in electron energy-loss spectra. If the OH is removed by 
heating, the ions of the now unstable surface rearrange in order to reach a 
favorable energy and the surface reconstructs - as indicated by a change in 
the FEED pattern. In the energy-loss spectra, surface d-d excitations now 
become observable. From the comparison of these spectra with the very sim- 
ilar ones of clean NiO(lOO) surfaces and the results of cluster calculations 
for Ni^+ ions in various crystal fields, it is concluded that the reconstructed 
NiO(lll) surface contains mainly Ni ions in a tetragonal C' 4 v-symmetric crys- 
tal held, typical of the (100) surface (Sect. 2. 3. 3.1, Fig. 2.8), but also a small 
amount of Ni ions in an environment with threefold symmetry [19, 48]. 

Major attempts have been made to determine the structure of the 
Cr 203 (lll) surface. Several possible positions of the surface Cr ions have 
to be considered here, each characterized by a slightly different crystal field 
provided by a different environment of oxygen ions. From a comparison of 
measured surface d-d excitation energies with calculated values obtained by 
cluster calculations, it seemed to be possible to determine the sites actually 
occupied by surface TM ions [13, 47]. But new results from the same group 
show that this might be impossible at the moment, because the calculated 
excitation energies for Cr ions at the different surface sites are too similar 
to allow a unique assignment [128]. High-resolution electron energy-loss mea- 
surements, which are briefly introduced in the next chapter (Sect. 3.1), and 
further improvement of the calculations may be helpful here. 
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In the field of catalysis, investigations of the adsorption of alkali metals 
are of interest, because alkalis can be used as promoters in catalytic reac- 
tions involving oxides. By monitoring the surface crystal-field changes, the 
adsorption of Na on Cr203(lll) has been studied [47, 48]: if a monolayer of 
Na is deposited, the d-d excitations of the surface Cr^+ ions, present for the 
clean Cr203 surface, vanish in the electron energy-loss spectra and two new 
excitations become visible. By comparing the excitation energies with results 
of cluster calculations, these authors attribute the results to d-d excitations 
of surface Cr^+ ions, indicating that the surface is covered with Cr^+ ions 
instead of Cr^+ in the presence of Na. 



3. Electron Energy-Loss Spectroscopy — 
Inelastic Electron Scattering 



3.1 Introduction 

Electron energy-loss spectroscopy (EELS) is a widely used experimental tech- 
nique for investigation of the excitation spectra of atoms, molecules, and 
solids. In this method, advantage is taken of the possibility of excitation by 
electron impact: incident electrons of fixed primary energy are inelastically 
scattered at the target, and the energy distribution of the scattered electrons 
is measured with respect to the incident electron energy. This energy dis- 
tribution - the electron energy-loss spectrum - directly reflects the target 
excitations, because an excitation leads to the appearance of electrons in the 
scattered beam which have suffered a characteristic energy loss corresponding 
to the excitation energy. If other properties of the scattered electron beam 
(such as the angular distribution or polarization) are measured additionally 
(Sect. 3.2, 3.3), the kind of interaction between the incident electrons and the 
target that is responsible for the target excitation and the inelastic scattering 
process, can be inferred. 

Electron energy-loss spectroscopy has its roots in the fundamental, early 
experiment of James Franck and Gustav Hertz [43]. This experiment, orig- 
inally intended for the determination of ionization energies of vapors and 
gases, led to the discovery of excitations between discrete energy levels in 
mercury atoms and therefore provided the experimental proof of Bohr’s pos- 
tulate that forms the basis of modern quantum physics. With the development 
of efficient electron spectrometers in recent decades, electron energy-loss spec- 
troscopy has advanced to an efficient tool for the investigation of excitations of 
atoms, molecules, and solids, requiring excitation energies from a few meV up 
to several hundred electron volts. Electron energy-loss spectroscopy and op- 
tical absorption spectroscopy are almost equivalent experimental methods to 
a certain degree, but in several respects EELS is superior to optical methods 
and is therefore an excellent complement to optical absorption spectroscopy. 
The special advantages of electron energy-loss spectroscopy are reviewed here 
briefly, with regard to the transition-metal oxides and related materials. 

Apart from electronic transitions, collective vibronic excitations such 
as phonons and plasmons are observable with EELS. In addition. Auger 
transitions and vibronic excitations of adsorbed molecules can be inves- 
tigated [89, 91, 167]. In the field of vibronic excitations in transition- 
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metal oxides, longitudinal optical surface phonons due to interaction of 
the electrons with the ionic crystal lattice, the so-called Fuchs-Kliewer 
phonons, have been observed by means of electron energy-loss spectroscopy 
[9, 24, 44, 45, 208], [200, pp. 140ff|, [19, 72, 73]. Bulk plasmons in transition- 
metal oxides [6, 65, 63, 184], as well as vibration frequencies of several ad- 
sorbed molecules, have been measured (see below). 

Generally, two kinds of electron energy-loss experiments have to be distin- 
guished, differing mainly in the primary energy of the incident electrons and 
the kind of excitations investigated. In high-energy EELS, primary electrons 
with energies usually exceeding 100 keV hit a thin target and the energy 
distribution of the scattered electrons is measured in transmission. The en- 
ergy resolution is of the order of several hundred meV or even worse. In the 
second type of electron energy-loss spectroscopy the impact energy is much 
lower (between several eV and a few keV) and the energy loss of the scattered 
electrons is measured in reflection. Therefore, this kind of spectroscopy is of- 
ten called REELS {reflection electron energy-loss spectroscopy). The energy 
resolution usually ranges from less than 1 meV [90, 92] (high-resolution elec- 
tron energy-loss spectroscopy, HREELS) to ~ 500 meV and is therefore better 
than in high-energy EELS experiments. It should be noted that the energy 
resolution of HREELS experiments is quite comparable to that achieved in 
optical absorption spectroscopy. 

With high-energy EELS, dipole-allowed excitations from core levels are 
usually investigated, because, except for excitations accompanied by a high 
momentum transfer from the incident to the scattered electron, excitations 
due to impact of high-energy electrons follow the same selection rules as ex- 
citations by photons, i.e. the dipole selection rules. High-energy EELS there- 
fore corresponds mainly to x-ray absorption spectroscopy. With increasing 
momentum transfer, the probability of other electric and magnetic multipole 
transitions increases, because the corresponding terms in the inelastic scat- 
tering cross section can no longer be neglected in the Born approximation. 
For high momentum transfer, electric monopole and quadrupole transitions 
have in fact been observed, even with high-energy electron energy-loss spec- 
troscopy [7, 68]. 

An important step towards the understanding of high-temperature super- 
conductivity has been made with high-energy EELS: it is well accepted now 
that the existence of 0 2p holes in the Cu02 planes in YBa2Cu307_5 and 
La2-xSr2,Cu04 and their interaction with localized Cu3d holes is essential 
for the appearance of high-temperature superconductivity in the perovskites 
[70]. In YBa2Cu307_5 and La2-a;Sra,Cu04, the 0 2p holes are provided by 
doping with additional oxygen or strontium atoms, which take electrons from 
the Cu02 planes. These compounds therefore exhibit superconducting behav- 
ior only if the oxygen or strontium content exceeds a certain value or lies in a 
certain range (5 < 0.5 [210] and 0.3 > x > 0.06 [70]), otherwise they remain 
in the semiconducting phase, even at low temperatures. The central signifl- 
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cance of the existence of O 2p holes for high-temperature superconductivity 
in YBa 2 Cu 307_5 and La 2 -xSr 3 ;Cu 04 has been shown impressively with high- 
energy EELS by demonstrating the <5- and x-dependent correlation between 
the appearance of the O ls-0 2p transitions (w 528 eV energy loss) , indicating 
the presence of 0 2p holes, and the occurrence of superconductivity [149]. 

Low-energy EELS is a very surface-sensitive method. Owing to the very 
small mean free path length of « 0.1-1 nm for electrons of 30-100 eV energy 
[176], the incoming electrons are able to penetrate only the first few atomic 
layers of a solid. (The lattice constants of the transition-metal monoxides, for 
example, lie between «0.4 and 0.45 nm; see Table 2.1). In addition to bulk 
excitations, excitations into or between surface states can therefore be inves- 
tigated by low-energy EELS. If high-resolution low-energy EELS is applied, 
the aforementioned Fuchs-Kliewer surface phonons, as well as vibronic exci- 
tations of adsorbed molecules, can be studied. By means of this method, the 
vibration frequencies of several molecules, such as NO, OH, OD, CO, CO 2 , 
and O 2 , adsorbed onto NiO, CoO, and Cr 203 surfaces have been measured 
[9, 17, 19, 44, 45, 46, 47, 72, 73, 105, 106, 169, 175, 213]. Not only are such in- 
vestigations useful for proving the fact of adsorption unambiguously, but also 
conclusions about the surface properties can often be drawn - in particular 
if HREELS is combined with other surface-sensitive experimental methods: 
OH molecules are adsorbed at defects of the NiO(lOO) surface (Sect. 2. 3. 3. 2). 
Nearly no OH adsorption is found at the surface of freshly cleaved NiO (100) 
single crystals, indicating a very small number of defects. Epitaxially grown 
NiO(lOO) thin films, on the other hand, are OH-covered just after prepara- 
tion, and a higher amount of defects must therefore be concluded here [17]. 
The OH termination of the polar NiO(lll) and CoO(lll) surfaces and the 
coincidence of OH removal and surface reconstruction (Sect. 2. 3. 3. 2) has been 
monitored by a combination of HREELS and LEED [19, 46]. 

Further, the strength of the adsorbate-substrate interaction can be esti- 
mated from HREELS investigations of adsorbate vibrations. This can be done 
by temperature-dependent measurements: above the desorption temperature, 
which is a direct measure of the binding energy between the adsorbate and 
substrate, the vibronic excitations of adsorbed molecules are no longer visible 
in the spectra [9, 72, 105]. Also, measurements of the deviation between the 
vibration frequencies of adsorbed and gas-phase molecules can be used: the 
C-0 stretching frequency of CO, adsorbed onto NiO(lOO) and (111) surfaces, 
for example, is found to deviate only slightly from that of gas-phase molecules, 
indicating a rather weak bond with the substrate. For CO on the equivalent 
CoO surfaces a slightly higher but also small deviation from the gas-phase 
frequency is measured, and a rather weak bond must also be concluded here. 
For NO on NiO and CoO the situation is quite different. Here, the stretching 
frequencies deviate considerably from the gas-phase values because a strong 
interaction, provided by a chemical bond between the adsorbate and sub- 
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strate, weakens the N~0 bond and therefore shifts the vibration frequency 
[175]. 

In contrast to optical methods and high-energy EELS, low-energy EELS is 
especially appropriate for the excitation and examination of dipole-forbidden 
transitions. The reason is the “breakdown” of dipole selection rules for 
low-energy electrons: the probability of electric monopole as well as higher 
multipole transitions and excitations by electron exchange (Sect. 3. 2. 3. 2), 
is expected to increase with decreasing energy of the incident electrons 
[7, 71, 122]. Several dipole-forbidden core excitations - such as 4d~4f, 3d~ 
4f, and 4p-5d excitations with \AJ\ > 1 or AS yf 0, for example - have 
been observed in reflection low-energy electron energy-loss spectra of rare 
earths [122, 136, 146, 185, 186]. For a review, see the article by Netzer 
and Matthew [147]. In energy-loss spectra of transition-metal oxides, the 
quadrupole-allowed {Al = 2) transition-metal 3s-3d transitions occur with 
considerable intensity [64, p. 134], [56, 184] (Sect. 5.6.1, Fig. 5.32, Table 5.5). 

Low-energy EELS has been applied, in particular, to several investiga- 
tions of the dipole-forbidden 3d-3d excitations (Sect. 2.3) in transition- 
metal oxides^ and 4f-4f transitions in rare earths and their compounds 
[10, 29, 57, 62, 123, 133, 134]. Owing to the aforementioned surface sensi- 
tivity of low-energy EELS, not only the bulk d-d transitions (Sect. 2.3.1) 
but also the surface d-d transitions (Sect. 2.3.3) of the transition-metal ox- 
ides are observable (Sect. 5.3.2, Figs. 5.23-5.26; Sect. 5.5.4, Fig. 5.31, Ta- 
ble 5.4; and references in Sect. 2.3.3). With optical absorption spectroscopy 
[85, 94, 148, 164, 166, 168] only bulk d-d excitations are observable. 

In Sect. 3.2 the different inelastic scattering mechanisms relevant to ex- 
citation by electron impact are briefly reviewed. Subsequent to these consid- 
erations, the more sophisticated version of low-energy EELS with polarized 
electrons that we have used, spin-polarized electron energy-loss spectroscopy 
(SPEELS), which is required for an unambiguous proof of electron-exchange 
excitations and for the examination of their behavior, is presented (Sect. 3.3). 



3.2 Electron Scattering 

3.2.1 Introduction 

For excitations due to electron impact, three inelastic electron scattering 
mechanisms due to different interactions of the incident electron with the 
target, needing different theoretical treatments [8, 89, 99], are often distin- 
guished: 

^ EELS investigations of the d-d transitions in transition-metal oxides are the 
main subject of this work; references are therefore found in the whole text, in 
particular in Sect. 2.3 and Chap. 
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Fig. 3.1. Illustration of the angular distribution of dipole and impact scattering 
[115] (by permission of H. Ibach) 



1. Dielectric dipole scattering (Sect. 3.2.2). This scattering is caused by 
the long-range interaction of the electron’s electric field with the target 
charges and is excellently described in terms of classical dielectric dipole 
theory. The scattering cross section depends mainly on the dielectric func- 
tion. A detailed microscopic knowledge of the interaction of the incident 
electron with the target is not needed. The angular distribution of the in- 
elastically scattered electrons is very narrow, and the scattered electrons 
are confined to the so-called “dipolar lobe” in the forward direction in 
high-energy transmission EELS (Sect. 3.1) or the specular scattering ge- 
ometry in low-energy reflection EELS if the energy loss and momentum 
transfer are small (Fig. 3.1, see also Sect. 3.2.2). 

2. Impact scattering (Sect. 3.2.3). Impact scattering arises from short-range 
interactions between electron and target; the inelastically scattered elec- 
trons are usually found to be distributed over a wide angular range 
(Fig. 3.1). The term “impact scattering” is not defined precisely and 
covers nearly all scattering events not describable by classical dielectric 
dipole theory, such as exchange scattering, for example (Sect. 3. 2. 3. 2). 
At the present, impact scattering is only poorly described by theory, ow- 
ing to the necessity of more “microscopic” models, requiring a detailed 
knowledge of the electron-target interactions leading to the observed 
scattering process. 

3. Resonant scattering via the formation and decay of a negative-ion com- 
pound state (Sect. 3.2.4). In this scattering mechanism, which can be 
regarded as a special form of impact scattering, an incident electron of 
suitable primary energy is captured into an unoccupied target state, form- 
ing a temporarily bound state. If the target is in an excited state after the 
decay of the compound state, the energy of the emitted electron deviates 
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from that of the incident electron by the excitation energy. The corre- 
sponding energy-loss peak in the EEL spectra is enhanced owing to the 
contribution of two excitation channels, the “normal” excitation, possible 
at any primary energy, and the excitation after decay of the compound 
state, possible at the resonance energy only. Resonant scattering has been 
found to be of central significance for the excitation of d-d transitions in 
NiO, CoO, and MnO for several primary energies (Sect. 5.2). 

The classification of the scattering mechanisms by their different theoret- 
ical treatments may suggest a separate occurrence of these mechanisms in 
inelastic electron scattering. But one has to be aware that contributions of 
dipole- and impact-scattered electrons are usually superimposed in the mea- 
sured electron energy- loss spectra. For special incident electron energies, con- 
tributions of resonantly scattered electrons are also found. As can be inferred 
from the following considerations, the measurement of additional parameters 
such as the angle or scattering-geometry dependence of the scattering process, 
changes in electron polarization during the scattering, or the primary-energy 
dependence must be used to identify the different scattering mechanisms and 
to determine their separate contributions to the inelastic scattering process. 

3.2.2 Dielectric Dipole Scattering 

Dipole scattering has been reviewed in detail by several authors (see, for 
example, the books and review articles by Ibach and Mills [89], Raether [167], 
Sturm [187], and Fink [11]). Only a few results relevant to the interpretation 
of our measurements (Chap. 5) will be summarized here: in dipole scattering, 
the target excitation is caused by the interaction of the electric field of the 
incident electron with the target. The electron itself is inelastically scattered 
owing to its interaction with the long-range dipolar electric fields arising from 
the charge fluctuations, in vibronic as well as electronic transitions in the 
target. But only those transitions with an electric dipole moment parallel to 
the electric held lines of the incident electron can contribute to the scattering 
process. Therefore, only transitions allowed by dipole selection rules can be 
excited [89, pp. 63ff[. Dipole scattering with small momentum transfer to 
the target occurs far above the target surface [89, p. 14] at distances where 
the wave-function overlap of the incident and target electrons is negligible. 
Therefore, transitions excited via the dipole-scattering mechanism are not 
accompanied by electron exchange [88]. 

For the description of dielectric dipole scattering, a detailed microscopic 
knowledge of the interaction between the incident electrons and target atoms 
is not needed, because the cross section for this type of scattering can be 
fully described in the framework of macroscopic dielectric theory. In this 
theory, the differential cross section in the first Born approximation, CTdiff, 
depends only on the imaginary part of the macroscopic dielectric function 
e and the momentum hq transferred to the target in the scattering process 
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((3.3), Fig. 3.2). (Tdiff is a measure of the number of electrons scattered with 
energy loss AE = tujj into the solid angle Q and is given by [41] 

_ d^g _ h 1 ^ / -1 

dfidAE (Treao)^ \e{q,uj) 




Here oq is the Bohr radius; 3(— l/e(< 7 , w)) is called the macroscopic loss 
function] e{q,io) is often almost independent of q and is usually replaced by 
the optical dielectric function e{uj) in calculations. For a given energy loss 
AE, then, 
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(3.2) 



and can be calculated using momentum and energy conservation: 



hq = hko — hki, (3.3) 

AE=Hu; = Eo-Ei = ^{kl-kf), (3.4) 

where Eq and hko denote the energy and momentum of the incident electron, 
and El and hki the energy and momentum of the scattered electron. 




Fig. 3.2. Illustration of momentum transfer 



In high-energy EELS (Sect. 3.1) the excitation energies of atoms and 
solids, and therefore the energy loss AE as well as the momentum transfer 
\hq\, are generally very small in comparison with the primary energy and 
momentum; AE ^ Eg and \hq\ jfifcoj. In this limit the scattering angle 
6 is also small and the scattering cross section (3.2) can easily be related to 
the scattering angle. For further calculations, it is useful to decompose the 
transferred wave vector q into two components gy and q± parallel and per- 
pendicular to the wave vector of the incident electron, kg. This is illustrated 
in Fig. 3.2 [167, p. 25], [41]. 

In the limit AE <C Eq and |/iq| <C [/ifcoli 

q± = ki sin0 ~ fcg sin0 ~ k^O. (3.5) 

If, further, one takes into account that in this limit q\\ = kg — ki cos 0 k^ — ki 
and fco -l- fci ~ 2fco, a simple transformation of (3.4) provides 
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Fig. 3.3. Illustration of the dipolar lobe 
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and the square of the transferred wave vector is then determined by 
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Inserting this expression into the differential cross section for the inelastic 
scattering process (3.2) gives 
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kl [02 + [ae/2EoY] ■ 

This differential cross section has the shape of a Lorentz profile with 
a full width at half maximum (FWHM) of 2{AE/2Eo). The intensity of 
the electrons scattered in an inelastic dipole scattering process is therefore 
expected to be confined to the so-called “dipolar lobe”, which is strongly 
peaked in the forward direction. This is illustrated in Fig. 3.3, where the 
normalized differential cross section crdiff/crdiff(^ = 0) has been plotted versus 
the scattering angle 9. 

The considerations leading to the differential cross section of (3.8) and 
Fig. 3.3 are strictly valid only if the energy loss and momentum transfer are 
small in comparison with the energy and momentum of the incident electron, 
as mentioned above. In transmission high-energy EELS, these conditions are 
always fulfilled, and experimentally the inelastically scattered electrons really 
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are found to be highly concentrated in the small angular range around the 
incident beam direction predicted by (3.8). It might be expected that (3.8) 
could also be applied in low-energy electron energy-loss spectroscopy, where 
the primary energy is usually some orders of magnitude lower than in high- 
energy EELS (Sect. 3.1), provided the energy loss is not too high and the 
target transitions excited are dipole-allowed. In fact, the scattered electrons 
in reflection low-energy EELS are indeed often found to be mainly confined 
to a dipolar lobe, similar to that occurring in high-energy EELS [77, 78, 132, 
209]. But this lobe is centered around the specularly scattered beam. In the 
specular scattering geometry of a reflection EELS experiment, the scattering 
angles are usually very large and can be close to 90° or even larger. From 
the dramatic decrease of the differential cross section for dipole scattering 
(Fig. 3.3) it is clear that a single large-angle dipole-scattering event cannot be 
responsible for the high intensities found at such large scattering angles. Here, 
instead, two scattering processes are assumed to be involved: the small-angle 
inelastic dipole scattering described above and a large-angle elastic scattering 
which may precede the inelastic process or occur after it [89, p. 69ff.], [162]. 

3.2.3 Impact and Exchange Scattering 

3. 2. 3.1 Impact Scattering. Apart from the long-range dipole-scattering 
processes occurring in the vacuum far above the target surface (Sect. 3.2.2), 
electrons which reach the surface or penetrate into the solid can be scattered 
by short-range interactions during excitation of a target transition. These in- 
elastic scattering mechanisms, which are not describable in terms of classical 
dipole theory, are usually summarized as what is called impact scattering. 
Impact scattering has barely been investigated theoretically up to now, be- 
cause the theoretical treatment requires a detailed microscopic knowledge of 
the interaction between the electrons and the target. In contrast to dipole 
scattering, impact-scattered electrons are assumed to have a wider angular 
spread (Fig. 3.1)^ and to be responsible for the often low but nonvanishing 
intensity observed at large scattering angles far away from the specular scat- 
tering geometry in low-energy EELS experiments [89, pp. 102ff.]. Differently 
from the dipole-scattered electrons in low-energy EELS, where two scattering 
events must be assumed to explain the intense dipolar lobe around the spec- 
ular scattering direction (Sect. 3.2.2) - small-angle inelastic and large-angle 

^ It has to be noted that Fig. 3.1 gives only a rough, qualitative illustration of the 
angular distribution of impact-scattering processes. The maximum of the impact 
scattering cross section is found at different scattering angles for excitations in 
different materials and for different transitions. This maximum is usually not 
in the direction of the surface normal as indicated in Fig. 3.1. An isotropically 
distributed intensity arising from impact-scattering processes [78], as well as one 
increasing slightly towards the specular scattering geometry (scattering angle 9 = 
90°), has been reported [88]. Slight maxima in the impact-scattering intensity, 
occurring in off-specular scattering geometries with grazing detection angles, are 
also observed [77]. 
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elastic scattering large-angle impact scattering is often explainable by a 
single inelastic scattering event [129, 162]. 

In contrast to dipole scattering, impact scattering occurs very close to 
or even inside the target and can therefore be accompanied by electron ex- 
change. It is this special kind of impact scattering, called electron- exchange 
scattering, which is found to be of central importance for the excitation of 
the d-d transitions in transition-metal oxides (Sects. 2.3.2, 5.2.3, 5.3). The 
present knowledge and expectations about electron-exchange scattering and 
excitation by electron exchange are summarized in the following paragraph, 
with respect to the d-d excitations. 

3. 2. 3. 2 Electron- Exchange Scattering. Electron exchange processes in 
the excitation of atoms and solids are well-known but poorly investigated 
phenomena. In particular, the angle and energy dependence of the exchange- 
scattering cross sections is not clear in detail, neither theoretically nor ex- 
perimentally. The difficulties in the calculations of exchange-scattering cross 
sections arise from the necessity for detailed microscopic considerations of 
the electron-target interaction generally needed for the description of im- 
pact scattering, as already mentioned in Sect. 3. 2. 3. 1. The reason for the 
lack of detailed measurements is found not least in the extreme experimental 
difficulties in identifying and investigating electron exchange: for a direct ex- 
perimental check of exchange processes, it is necessary to distinguish between 
an ejected, exchanged, “true” target electron and an inelastically scattered 
incoming primary electron. Electrons “normally” are indistinguishable and 
become distinguishable only if their spin directions differ. Therefore, the only 
possibility of identifing and examining electron-exchange processes in nonfer- 
romagnetic materials directly is given by spin-polarized electron energy-loss 
spectroscopy with both a polarized primary electron beam and polarization 
analysis of the scattered electrons. This method, which we applied in our 
investigations of the d-d excitations in transition-metal oxides (Chap. 5), is 
described in Sect. 3.3. The experimental setup is introduced in Sect. 4.1. 

Electron exchange seems to depend on the material and the specific kind 
of excitation. From experiments and calculations concerning free atoms and 
molecules, exchange is generally thought to be significant for primary energies 
which are not substantially larger than the excitation energy needed (typi- 
cally up to ten times as large). The idea behind this belief is that exchange 
becomes more probable when the velocities of the free incident and bound 
target electrons involved in the collision are comparable [71]. Often, exchange 
processes are found to vanish when the primary energy exceeds the excitation 
energy only slightly: the well-known 6 ^Sq ^ 6^Pi transition in mercury, which 
was measured in the Franck-Hertz experiment [43] , requires an excitation en- 
ergy of 4.89 eV. This transition is found to be nearly exclusively excited by 
electron exchange for primary energies up to « 7 eV. For higher primary ener- 
gies, the cross section for excitation by exchange processes decreases strongly. 
Nearly no exchange excitations are detectable if the primary energy exceeds 
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«9.5eV [102, p. 130]. On the other hand, measurements on a ferromagnet 
(Co [93]) and earlier measurements of the d-d excitations of Cr 203 [79, 80] 
and CoO [100] and of the f-f transitions of Gd and Eu [10, 29, 123, 133, 134] 
clearly show a high amount of exchange-scattering processes far above the ex- 
citation thresholds.^ In our SPEELS investigations [50, 51, 52, 55, 56] of the 
d-d excitations in MnO, CoO, and NiO with primary energies up to 130eV 
(Chap. 5), exchange was found to be significant even at these high energies, 
which exceed the d-d excitation energies (Figs. 2. 5-2. 7, Tables 5. 1-5. 3) by 
two orders of magnitude. 

Stimulated by these results from our spin-polarized electron energy- 
loss measurements and earlier EELS results with unpolarized electrons [44, 
65], Michiels et al. have calculated the energy dependence of the total 
impact/exchange-scattering cross sections of some d-d transitions in NiO 
recently for the first time [129], and the significance of electron exchange at 
high primary energies could also be shown. These calculations indeed contain 
detailed considerations of the microscopic electron-target interaction, as re- 
quired for the description of impact scattering (Sect. 3. 2. 3.1). Here, space is 
separated into two regions: one where the scattered electron interacts fully 
with the Ni^+ ion of the target, and a second region outside, where the elec- 
tron moves in an effective field provided by the target and the surroundings. 
In contrast to the theoretical description of electron scattering by free Ni 
ions, in calculations of electron scattering by Ni ions in NiO, the influence of 
the interaction between the Ni ion and the surrounding ions (Sects. 2.2, 
2.3) must be introduced into the scattering potential. This is done in the cal- 
culations by taking the hybridization between oxygen ligands and Ni^’*' ions 
(Sect. 2.2) into account by using a suitable crystal-field potential in addition 
to the Coulomb potential of the Ni^+ ion in NiO. For the latter, the Coulomb 
potential of free Ni^+ ions was scaled by a factor of 0.7. The total impact- 
scattering cross section was calculated for the ^A 2 g ^ ^T 2 g (^F) («l.leV) 

® The Gd and Eu measurements were performed by conventional EELS with un- 
polarized electrons: Gd and Eu have half-filled 4f shells (4P configuration) with 
all spins parallel in the ground state. All f-f excitations are multiplicity-changing 
ones (similar to the d-d excitations of MnO, see Sect. 2.3). They are therefore 
expected to be excited by electron exchange exclusively (Sect. 3.3.3), and EELS 
measurements with unpolarized electrons are assumed to be sufficient for investi- 
gations of exchange scattering. That this is true and electron exchange is indeed 
the only excitation process for multiplicity-changing f-f transitions in rare earths 
was recently proved by our spin-polarized electron energy- loss measurements [.j 7|. 
In the case of Co, a spin-polarized electron source but no spin analysis was used 
because only either spin-polarized primary electrons or polarization analysis of 
the scattered electrons is needed here, owing to the ferromagnetic order of the 
sample (Sect. 3.3.1). Complete SPEELS - with a polarized primary beam and po- 
larization analysis of the scattered beam, as in the system that we use - has been 
applied in the case of Cr 2 03 and CoO. Here, the slightly allowed multiplicity- 
conserving d-d transitions (Sect. 2.3.2) are expected to be also accessible to 
excitation via direct dipole scattering (Sect. 3.3.3) and a complete spin analysis 
is required to prove exchange unambiguously. 
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and the ^A 2 g — *■ 'T2g (1 D) («2.7eV) excitation in NiO (see Fig. 2.7 and 
Table 5.3) over a large incident energy range up to «50eV. For both tran- 
sitions, this cross section shows a similar, barely varying behavior in the 
energy range between w20eV and 54.4 eV. From the total cross section for 
the strongly dipole-forbidden multiplicity-changing triplet-singlet transition, 
containing exchange contributions only (Sect. 3.3.3), the important role of ex- 
change excitations up to the high primary energy of 54.4 eV can be directly 
inferred.^ 

Primary-energy-dependent exchange-scattering cross sections have also 
been calculated for Gd 4f~4f excitations recently. For primary energies of 100- 
300 eV, which are far above the excitation energies of a few eV, differential 
cross sections were found that were decreasing, but nonvanishing up to 300 eV 
[162]. The cross-section calculations of Ogasawara and Kotani [150] seem 
to confirm that the transition probability of the 4f-4f excitations in Gd^’*' 
ions (4f^ configuration) decreases rapidly with increasing incidend energy. 
Nevertheless, an EEL spectrum obtained from their calculated cross sections 
is found to be in good agreement with a measured spectrum [133] obtained 
from Gd metal with a relatively high incident energy of 145 eV. 

Similarly to the case of the primary-energy dependence, the angular dis- 
tribution of exchange scattering has barely been investigated up to now and is 
really not clear. The reason is that scattering-angle-dependent measurements 
of exchange-scattered electrons are extremely difficult, because not only are 
a polarized incident beam and energy and polarization analysis of the scat- 
tered electrons required, but the energy analyzer and polarization detector 
must be rotatable in addition. Therefore, in experiments the scattering angle 
is often fixed, and scattering-geometry-dependent measurements are made 
instead of true scattering-angle-dependent ones by simply rotating the target 
[78, 88, 209] (Sects. 1.1.1, 4.1.5). If multiplicity-changing transitions of free 
atoms or molecules or multiplicity-changing d-d or f-f excitations of solid 
transition-metal oxides and rare earths are investigated, electron exchange 
is often presumed to be the only possibility for the excitation of such tran- 
sitions. Then the measurements are performed with unpolarized electrons, 
which requires the rotation of the energy analyzer only. The measured inten- 
sity of the scattered electrons or the differential cross section, is assumed in 

Besides, the cross section for this excitation has been calculated to be gener- 
ally lower than that of the slightly allowed multiplicity-conserving triplet -triplet 
excitation (Sect. 2.3.2), which contains contribntions from both, direct impact 
scattering (without exchange) and exchange scattering. This is in accordance 
with our experimental results: the energy-loss spectra of NiO and CoO are clearly 
dominated by the multiplicity-conserving transitions; the energy-loss peaks cor- 
responding to the multiplicity-changing transitions are much weaker. But this 
is not only a consequence of the occurrence of direct impact scattering in the 
excitation of multiplicity-conserving transitions. In the specular scattering ge- 
ometry this must be attributed mainly to contributions from excitations by the 
dipole-scattering mechanism (Sect. 5.3). 
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this case to correspond to the differential exc/iange-scattering cross section 
([109], [16] and references therein, [65, 64, 123, 139]). 

As previously illustrated in Fig. 3.1, exchange scattering, as a special type 
of impact scattering, is generally assumed to be much less dominated by for- 
ward scattering than dipole scattering is (Sect. 3.2.2, (3.8), Fig. 3.3) or is even 
assumed to be isotropically distributed. But as can be seen from the few ex- 
isting experimental and theoretical results, this assumption is oversimplified, 
and large differences in the angular distribution of exchange-scattered elec- 
trons occur between various materials and different kinds of excitation. Ex- 
change scattering is indeed nearly isotropically distributed for excitations in 
ferromagnetic Ni crystals [78] and for a multiplicity-changing singlet-triplet 
transition in CS 2 molecules [109]. Singlet-triplet excitations in He, on the 
other hand, lead to a pronounced maximum in the exchange-scattering dif- 
ferential cross section at small scattering angles. But, whereas the cross sec- 
tion corresponding to the He l^S — > 2^S excitation strongly increases towards 
small scattering angles, the differential cross section for the scattering process 
leading to the l^S ^ 2^P excitation has a much broader angular distribution 
and reaches its maximum within a scattering-angle range of 10°-20° ([16] 
and references therein). 

Concerning the angular dependence of exchange processes in dipole- 
forbidden transitions between localized states - such as the d-d excitations of 
transition-metal oxides or f-f excitations of rare earths and their compounds - 
only a few publications seem to exist. In the calculations of Porter et al. [162], 
the exchange-scattering processes leading to Gd 4f-4f and transition-metal 
oxide 3d-3d transitions are treated like inelastic electron-atom scattering. 
The differential exchange-scattering cross sections have been calculated for 
incident electrons of 100, 200, and 300 eV primary energy. They are found 
to increase symmetrically towards small scattering angles 0 and to reach a 
maximum in the forward direction (0 = 0°). 

Detailed calculations by Michiels et al. [130] for a lower primary energy 
(20 eV), where the interaction between the TM ions and oxygen ligands has 
been introduced into the scattering potential (see above), predict a completely 
different behavior. In these calculations, performed for a fixed polar incident 
angle 0i = 45° and fixed incident and detection azimuthal angles (^i = 0° 
and <Pd = 180°, measured with respect to the (100) axis), the scattering 
angle 9 is varied. The exchange-scattering cross sections corresponding to 
several d-d excitations in NiO are found to show a complicated scattering- 
angle dependence, which is strongly correlated with the symmetry of the 3d- 
multiplet final state (Table 2.3, Fig. 2.7): for excitations from the ^A 2 g ground 
state into different T ig final states the cross sections are high for forward and 
backward scattering, but they exhibit distinct minima near scattering angles 
of 50° and 125°, where the cross sections are very low. In contrast, the matrix 
elements and therefore the cross sections for the ^A 2 g ^^Aig excitations are 
found to vanish in the forward and backward directions (0 = 0° and 180°). 
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Fig. 3.4. NiO. Comparison of the angular dependence of the calculated exchange- 
scattering cross section of the ^A 2 g ^ ^Aig excitation (o) [130] and of the measured 
intensity of the 2.7 eV energy-loss peak (•) [139] (by permission of F. Muller and 
J. Inglesfield) . The curves are normalized at the maxima. The intensity at 2.7 eV 
energy loss was obtained from the energy-loss spectrum by extrapolating and sub- 
stracting the “background” arising from the onset of transitions across the optical 
gap (see Sect. 5,1) linearly. In the calculation and measurements, the polar an- 
gles are measured with respect to the surface normal. The incident polar angle is 
fixed at Oi = 45°. The polar detection angle Od varies with the scattering angle 
dd = (180° — 9i) — 9. The incident and detection azimuthal angles are fixed at 
= 0°, 4>d = 180°, both measured with respect to the (100) axis 



The cross section is also zero in the specular scattering geometry (0 = 90°, 
0i = 0d = 45°) (Fig. 3.4). The calculations predict a constant ratio of spin- 
flip to nonflip scattering cross sections of 2, independent of the scattering 
geometry and incident energy, for the multiplicity-changing d-d excitations 
in NiO and CoO. The theoretical curve in Fig. 3.4 therefore represents the 
angular dependence of both spin-flip and nonflip scattering. Spin-flip and 
nonflip processes are described in detail in Sect. 3.3. 
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Recent true angularly resolved electron energy-loss measurements with 
unpolarized electrons (the experimental data in Fig. 3.4) - measured in the 
same scattering geometries as chosen in the calculations of Michiels et al. 
[130], seem to be in quite good agreement with the calculations, despite the 
slightly higher incident energy of 33 eV. The calculated cross section of the 
^A2g — > ^Aig excitation and the measured intensity of the 2.7 eV energy-loss 
peak, which is not only caused by the ^A 2 g - ^Aig (1 G) excitation but also 
contains contributions from the ^A 2 g — > ^T 2 g (^D) excitation (Table 5.3) ow- 
ing to the energy resolution of 200-240 meV, exhibit a similar scattering-angle 
dependence. The shift of the experimental data towards smaller scattering an- 
gles in Fig. 3.4 is suggested to be due to the refraction of the electrons at the 
NiO surface: electron exchange processes causing bulk d-d excitations are 
supposed to occur within the sample (Sect. 3. 2. 3.1). On penetrating the sur- 
face, the incoming electrons are refracted towards the surface normal, and the 
outgoing electrons are refracted away from the normal. Therefore, the scat- 
tering angle outside the sample, which is always measured in the experiment, 
is smaller than the “true” scattering angle inside. The shoulder observed near 
the specular scattering geometry (0 = 90°) in the experimental curve is at- 
tributed to the contribution of the ^A 2 g ^ ^T 2 g (^D) excitation to the 2.7 eV 
energy-loss peak or to additional multiple scattering processes [139]. 

3.2.4 Resonant Scattering 

3. 2.4.1 Introduction. Resonance processes are well-known phenomena in 
photoemission spectroscopy as well as electron scattering, occuring when the 
energy of the incident particle is swept through the threshold for an inner 
excitation of the target. In both spectroscopic methods, the resonances occur 
because of the interference of two excitation channels leading to the same final 
state; the “normal” excitation process, possible at any energy of the incident 
particle, and excitation via formation and decay of a temporarily formed in- 
termediate state, possible at certain resonant primary energies only. Resonant 
photoemission and resonant electron scattering are closely related processes, 
but they differ in some points, such as the nature of the intermediate and 
final states. Resonant photoemission has been described in detail elsewhere 
([69, 196, 198] and references therein). Here, we shall concentrate on res- 
onant electron-scattering processes, after some introductory remarks about 
those processes, occurring in transition-metal oxides and related materials 
(Sects. 3. 2.4.2, 5.2.1). 

Resonances in electron scattering are found in the elastic as well as in the 
inelastic total and differential scattering cross sections. Prominent examples 
are the resonances in the elastic-scattering cross sections of noble gases, which 
have been known and thoroughly investigated for more than thirty years 
[110]. Generally, the occurrence of resonant electron scattering is linked to 



42 3. Electron Energy-Loss Spectroscopy - Inelastic Electron Scattering 

the formation and subsequent decay of a temporarily formed negative-ion 
compound state.® Different kinds of the ion-formation process exist, which 
are traditionally used for the classification of the resulting resonance (see 
the review by Palmer and Rous [157], for example). Here, only the core- 
excited or Feshbaeh resonance will be described, owing to its relevance to the 
d-d excitations of the transition-metal oxides (Sect. 3. 2. 4. 2): if the incident 
electron has a suitable energy, it can lose this energy in the form of a target 
excitation (often an excitation from a core level) and can itself be captured 
into an unoccupied target state. A compound state with one hole in an inner 
shell and two additional electrons in outer shells is formed. (An example of 
such a compound state is sketched in the left part of Fig. 3.5b, which is 
discussed in detail in Sect. 3. 2. 4. 2.) This intermediate compound state can 
decay via an Auger process: an electron recombines with the hole created in 
the preceding excitation, and a further electron is emitted. After the decay 
of the compound state, the number of electrons is now again equal to that of 
the initial state; the target can now either be in the ground state or remain 
in an excited state. 

In the case of an excited final state, the kinetic energy of the emitted 
electron is lower than the incident electron energy by an amount AE, equal 
to the energy of excitation into this final state. At the resonant primary 
energy, therefore, two excitation channels exist; excitation by creation and 
decay of a compound state (Fig. 3.5b), and direct excitation (Fig. 3.5a), which 
is possible at any primary energy of the incident electron. The interference of 
these two channels leads to a resonant enhancement of the inelastic electron 
scattering cross section and of the intensity of the corresponding energy-loss 
peak occurring at AE in the EEL spectrum. Resonances in the inelastic 
scattering cross section are observed not only if electronic transitions are 
excited, but also for excitation of vibrational and rotational transitions of 
free and adsorbed molecules ([77], [89, pp. 338ff[; [99, 112, 157] and references 
therein) . 

If the target atom or ion returns to the ground state after decay of the 
compound state, the emitted and incident electrons have the same kinetic 
energy. The formation and decay of the compound state then contributes 
to the elastic scattering, and its interference with direct elastic scattering 
processes leads to the resonant enhancement of the elastic scattering cross 
section. 



® The term “negative-ion compound state” is used here in correspondence with 
the literature, where resonant electron scattering in the case of electron-atom 
or electron-molecule scattering is usually considered. It is clear that the com- 
pound state can be neutral or positively charged if the capture of the incident 
electron occurs at a positive ion, such as a ion in a transition-metal oxide 

(Sect. 3.2.4.2). 
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Fig. 3.5. (a) “Normal” d-d excitation (3.9a). The incident electron excites a d-d 
transition, requiring an excitation energy AE. An electron with a corresponding 
energy loss is emitted. This process is possible at any primary energy Eq. The d-d 
transition can be excited by an electron-exchange process or a direct scattering 
processes without exchange, such as direct impact scattering or dipole scattering 
(Sect. 3.2.2), if that is allowed owing to the relaxation of the dipole selection rules 
(Sect. 2.3.2). Ef denotes the Fermi level (Sect. 4.1.3). (b) Excitation by formation 
and decay of an intermediate compound state (3.9b). At the resonant primary 
energy Eo,res the incident electron can be captured into an empty 3d state during 
excitation of a 3s-3d transition; a compound state is formed. This state can decay 
by a Super-Coster-Kronig (Auger) process, where a 3d electron recombines with 
the 3s hole, transferring its energy to a further 3d electron, so that the target is 
left in an excited 3d state. The emitted electrons appear in the spectrum with an 
energy loss AE, corresponding to the d-d excitation energy 
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3. 2. 4. 2 Inelastic Resonant Scattering in Transition-Metal Oxides 
and Rare Earths. Resonances in inelastic electron scattering from mate- 
rials containing localized states were observed for the first time in the 4f-4f 
transitions of rare earths when the primary-electron energy corresponded to 
the 4d-4f excitation energies [29, 133, 134], quickly followed by the obser- 
vation of a similar resonance in the d-d transitions in NiO at a primary 
energy of 100-102 eV, which was attributed to the Ni3s-3d threshold [65], 
[64, pp. 131ff.]. This resonance is described in detail below. The 0 2p-Ni3d 
excitation is also found to be resonantly enhanced at the 3s-3d threshold 
[65], [64, pp. 61ff.]. 

At the transition-metal 3s-3d threshold, the normal d-d excitation 

3s^3d” -ke" ^ 3s^3d"* -ke"', (3.9a) 

which is possible at any primary energy, interferes with excitation via the for- 
mation and decay of a 3s^3d"+^ compound state, as described in Sect. 3. 2. 4.1: 



3s^3d” -4 e" ^ 3s^3d"+^ ^ 3s^3d"* -4 e"'. (3.9b) 

Here n is the number of 3d electrons and 3d”* denotes an excited 3d 
state. The notation e~' for the inelastically scattered electron is chosen to 
indicate the different energies of the incident and scattered electrons. These 
two transitions are illustrated in Fig. 3.5 (after [64, p. 133]). 

The dipole-forbidden, but quadrupole-allowed 3s-3d excitations of the 
TM ions in transition-metal oxides are clearly visible in electron energy-loss 
spectra [64, p. 134], [56, 184] (Fig. 5.32, Table 5.5). The measured excitation 
energies E^s-sd are close to the binding energies of the 3s levels of the pure 
transition metals [76, p. 622]. In the case of NiO, the 3s-3d excitation energy 
(110. 8eV [184], llleV [64, p. 134]) exceeds the resonance energy of 100- 
102 eV considerably. This discrepancy has been explained [65], [64, p. 134] 
by the strong Coulomb attraction between the 3s hole and the additional 3d 
electrons which are located at the same Ni ion, owing to the localization of 
the 3d electrons in the transition-metal oxides (Sects. 2.2, 2.3). Nevertheless, 
the interpretation of the resonance was not imcontested. The situation has 
now been clarified by our measurements [55] on NiO, CoO, and MnO, which 
strongly affirm the assignment of the 102 eV resonance in NiO to the 3s-3d 
excitation: all the transition-metal oxides show this resonance, but with a 
shift of the resonant primary energy corresponding to the shift in the binding 
energy of the 3s level in the appropriate transition metal. Details are discussed 
in Sect. 5.2.1. 

In our spin-polarized electron energy-loss investigations of the d-d excita- 
tions in NiO, CoO, and MnO a second, much stronger resonance is observed 
[51, 52, 54, 55, 56]. This resonance, which was found for the first time in that 
work, is described in detail in Sect. 5.2.1. It occurs when the energy of the in- 
cident electrons corresponds to the 0 2p-03p excitation energy (36-38 eV). 
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Here, a compound state similar to that at the TM3s”TM3d threshold is as- 
sumed to be formed - the interference of the normal d-d excitation process 
with d-d excitations produced via decay of this compound state can lead to a 
resonant enhancement, as described above for the 3s-3d resonance ((3.9a,b) 
and Fig. 3.5). In particular, at this resonance at 36-38 eV primary-electron 
energy, the d-d excitations can be observed excellently: not only the dominant 
d-d excitations, which appear in the optical gap in the energy-loss spectra, 
but also those with excitation energies of several electron volts, which are 
strongly superposed by the dipole-allowed gap transitions, are clearly visible 
in the spin-resolved spectra in particular (Sect. 5.2.3. 1, Fig. 5.10-5.12). By use 
of the O 2p-0 3p resonant primary energy, all sextet-quartet transitions (with 
one exception) predicted for the d® configuration in the Oh symmetric crystal 
field of MnO (Fig. 2.5) could be measured here (Sect. 5.5.2, Table 5.1), some 
of them for the first time to our knowledge. Several d-d transitions of higher 
excitation energy were also observed in CoO for the first time (Sect. 5.5.3, 
Table 5.2). 

The formation and decay of a compound state leading to the resonant en- 
hancement of a d-d excitation requires the capture of the incoming electron 
in the target. Therefore, resonant scattering contributes to the short-range 
impact and exchange scattering processes exclusively; the cross section for 
dipole scattering, where target excitation and the inelastic scattering process 
occur far above the target surface (Sect. 3.2.2), cannot be enhanced. From 
an intuitive point of view it is clear, in particular, that additional exchange 
channels are opened in the d-d excitation via the formation and decay of the 
compound state (Fig. 3.5b) because the captured electron forms a temporar- 
ily bound compound state together with the former target electrons and is 
no longer distinguishable from them. This intuitive assumption is strongly 
confirmed by our measurements, as discussed in Sect. 5.3. 



3.3 Spin-Polarized Electron Energy-Loss Spectroscopy 
(SPEELS) 

3.3.1 Introduction 

The only possibility of direct experimental demonstration of electron-exchange 
processes in nonferromagnetic materials is provided by that kind of spin- 
polarized electron energy- loss spectroscopy that we have used: a polarized 
electron beam of known polarization Pq is inelastically scattered at the target, 
and the intensity I{AE) as well as the polarization Ps{AE) of the scattered 
electrons is measured as a function of the energy loss AE. In contrast to the 
situation with ferromagnetic targets, where the use of either a polarized pri- 
mary electron beam or polarization analysis of the scattered electrons is often 
quite sufficient for the experimental demonstration of exchange if the target 
magnetization can be reversed [78, 93], both the generation of a polarized 
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electron beam and the use of an electron-spin detector are needed, mak- 
ing experimental investigations of exchange processes in nonferromagnetic 
solids much more difficult.® Details of our experimental setup are discussed 
in (Sect. 4.1). 

If the spin-orbit interaction between the incoming electron and the target 
is negligible, as is the case for the 3d transition-metal oxides MnO, CoO, and 
NiO, which consist of lighter elements only (Sect. 5. 3. 2.1), the introduction 
of the electron spin as an additional parameter allows one to distinguish 
between exchange processes (Sect. 3. 2. 3. 2) and direct excitations (without 
exchange) such as dipole scattering (Sect. 3.2.2) or direct impact scattering 
(Sect. 3. 2. 3.1) unambiguously: if the polarization Ps{AE) of the electrons 
scattered with energy loss AE deviates from the polarization of the primary 
electron beam Pq, a target excitation requiring an excitation energy equal to 
AE has been accompanied by an exchange of incoming and target electrons 
of opposite spin direction. Such exchange processes are usually called spin- 
flip exchange processes, although the spin of an electron is not flipped during 
the scattering process, but two electrons of different spin are exchanged. 
Non flip exchange processes, where the exchange occurs between electrons 
of identical spin direction, are of course not detectable by SPEELS, because 
these electrons remain indistinguishable. Nonflip exchange processes therefore 
cannot be distinguished from direct scattering without exchange. 

3.3.2 Spin-Flip and Nonflip Intensity 

In addition to the spin-integrated energy- loss spectrum I(AE) provided by 
EELS with unpolarized electrons, spin-polarized electron energy-loss spec- 
troscopy provides two further spectra, the spin-flip spectrum E{AE) and the 
spin-nonflip spectrum N{AE), which can be calculated from measurements 
of the spin-integrated intensity I{AE) and the polarizations of the incident 
and scattered electrons, Pq and PflAE) [79]: 

P{AE) = (3.10) 

N{AE) = (3.11) 

The spin-flip intensity gives the proportion of electrons in the total in- 
tensity I{AE) of the scattered electrons which was replaced by electrons of 
opposite spin direction during the scattering process. The nonflip intensity 
gives the proportion of electrons with unchanged spin direction.^ These can 

® In investigations of ferromagnetic materials, it is also the case that both polar- 
ized primary electrons and polarization analysis of the scattered electrons are 
needed if the spin-flip and nonflip intensities (Sect. 3.3.2) need to be determined 
separately [:12, p. 27ff.], [209]. 

In the case of ferromagnetic materials two spin-flip and two nonflip intensities 
are measured: one where the spin of the incident electron is parallel to the target 



3.3 Spin-Polarized Electron Energy-Loss Spectroscopy (SPEELS) 47 

be scattered primary electrons or exchanged ones with identical spin direc- 
tion. Therefore 

I{AE) = F{AE) + N{AE). (3.12) 

Direct excitations which are not accompanied by electron exchange, such 
as excitation via the dipole-scattering mechanism (Sect. 3.2.2) or direct im- 
pact scattering (Sect. 3.2.3), are expected to occur in the nonflip portion 
(3.11) of the energy-loss spectrum. The dipolar lobe (Figs. 3.1 and 3.3) is 
therefore expected to appear in the nonflip intensity exclusively. For dipole- 
allowed transitions, the dipole-scattering cross section usually exceeds the 
impact-scattering cross section by an order of magnitude or more in the 
vicinity of the dipolar lobe [89, pp. 113ff.], [8], as indicated in Fig. 3.1. The 
contribution of exchange scattering to the total scattering cross section can 
therefore be expected to be negligible near the specular scattering geome- 
try in the case of dipole-allowed transitions; the spin-flip intensity (3.10) is 
very low in comparison with the spin-integrated intensity. But in scatter- 
ing geometries other than specular, i.e. outside the dipolar lobe, spin-flip 
exchange processes can be of significance even for dipole-allowed transitions 
(see Sect. 5.3). The expectations for dipole- for bidden multiplicity-changing 
and multiplicity-conserving transitions are discussed in the following section. 

3.3.3 Spin Flips and Nonflips in Dipole-Forbidden Transitions 

Whereas in MnO, with its half-filled 3d shell, all d-d transitions are accompa- 
nied by a change in multiplicity, in NiO and CoO both multiplicity-changing 
and multiplicity-conserving d-d transitions are possible (Sect. 2.3.2). Both 
multiplicity-changing and multiplicity-conserving excitations are possible 
with and without change of the 2 component Ms of the total spin S of 
the transition-metal ion. This is illustrated in Fig. 3.6 for triplet-triplet and 
triplet-singlet excitations. The sublevels for different values of Ms and the 
possible transitions with AMs = 0 and AAIs = ±1 are shown. 

Exchange excitations of multiplicity-conserving as well as multiplicity- 
changing transitions are expected to be observed in both the spin-flip and the 
nonflip spectra. The reason is the relevance of the change in the z component 
of the total spin of the transition-metal ion {AMs) to the appearance of an 
excitation in the spin-flip or the nonflip intensity. Exchange excitations with 
AMs = 0 are found in the nonflip intensity, and those with AMs = ±1 in 
the spin-flip intensity, independent of whether a change in multiplicity occurs. 
This is illustrated within the spin- vector model (Figs. 3.7 and 3.8) for selected 
triplet-triplet and triplet-singlet excitations from those shown in Fig. 3.6. In 
excitations with AMs = ilj tho incident and emitted electrons necessarily 

magnetization, and one where they are antiparallel. These two spin-flip intensities 
as well as the nonflip intensities, are usually not equal [32, p. 63[, [209]. This is 
a direct consequence of the different occupation of minority and majority states 
in a ferromagnet owing to the exchange splitting of the 3d bands. 
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(s) triplet-triplet excitation, S = 1 — > S = 1 
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Fig. 3.6. Possible triplet -triplet (a) and triplet-singlet (b) excitations (NiO) with 
AMs = 0 (— ), AMs = +1 ( — ), and AMs = -1 (• • •) 



have opposite spin directions, as shown in Fig. 3.7a for a triplet-triplet and 
Fig. 3.8a for a triplet-singlet transition; such excitations appear in the spin- 
flip intensity exclusively. The only parity-forbidden transitions with AMs = 0 
(Fig. 3.7b) appear in the nonflip intensity; the incident and emitted electrons 
have identical spin. These transitions are excitable by nonflip exchange and 
direct scattering (without exchange) additionally, owing to the identical spin 
configurations of the initial and final states. In addition to impact scattering, 
dipole scattering must be expected to contribute to the direct scattering 
owing to the relaxation of the parity selection rule (Sect. 2.3.2). 

Not trivial at first sight is the case of the spin-forbidden transitions with 
AMs = 0 (the triplet-singlet transition in Fig. 3.8b): despite the change in 
multiplicity, the z components of the spins of the incident and scattered 
electrons are identical and such transitions are not accompanied by a spin 
flip. They appear in the nonflip portion of the energy- loss spectrum only. 
Nevertheless, they require an electron exchange and cannot be excited by di- 



3.3 Spin-Polarized Electron Energy-Loss Spectroscopy (SPEELS) 49 




Fig. 3.7. Triplet-triplet transitions in the spin-vector model for incident spin-up 
electrons (after [102, p. 128]). (a) AMs = 1; (b) AMs = 0. The square roots 
located at several spins give the length of the spin vector in units of h 



rect scattering as the corresponding triplet-triplet transitions with AMs = 0 
(Fig. 3.7b) can, because the final spin states are not identical. From a quan- 
tum mechanical point of view, triplet and singlet states with identical mag- 
netic spin quantum number Mis = 0 have different spin wave functions (sym- 
metric for triplet and antisymmetric for singlet states). In the semiclassical 
vector model the differences in the final states can easily be seen from a com- 
parison of Figs. 3.7b and 3.8b: the addition of two single electron spin vectors 
with z components = 1/2 and = —1/2 to produce a total spin vector 
of zero length (S' = 0), as needed for the formation of a singlet state, requires 
spin- vector directions different from those needed for the total spin vector of 
the triplet state {S = 1); although it has an identical z component Ms = 0, 
it has a finite length of a/ S{S + 1) = -\/2 in units of h. 

Recent explicit calculations [130] of the differential spin-flip and non- 
flip cross sections of several d-d transitions in NiO and CoO show large 
differences for multiplicity-conserving and multiplicity-changing transitions 
(see Sect. 3. 2. 3. 2): the cross sections for the spin-flip transitions have been 
calculated to be twice the cross sections for the nonffip transitions for the 
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Fig. 3.8. Triplet-singlet transitions in the spin-vector model for incident spin-up 
electrons (after [102, p. 128]). (a) AMs = 1, (b) AMs = 0. The square roots, 
located at several spins, give the length of the spin vectors in units of h 



multiplicity- changing transitions, independent of the scattering geometry 
{F/N = 2 Ps/Pq = —1/3; see (3.10) and (3.11)). This corresponds to re- 
sults obtained for the excitation of multiplicity-changing singlet-triplet tran- 
sitions in free atoms with two electrons [102, p. 127fF.j, where this factor of 
two is not only calculated but also measured for the 6 ^Sq ^ 6^Pi excitation of 
Hg, if the incident electron energy is close to the excitation energy of 4.89 eV 
(see Sect. 3. 2. 3. 2). For the multiplicity- conserving transitions in these oxides, 
the situation is quite different, as has been calculated for the ^A 2 g ^ ^Tig 
(^F) excitation in NiO [130]. Here the nonflip cross section always exceeds 
that of the spin-flip scattering owing to the possibility of excitation by direct 
impact scattering (see above). The ratio of nonflip to spin-flip processes is 
not fixed; it varies strongly with the scattering angle. 



4. Experiment 



4.1 Experimental Setup 

4.1.1 Introduction 

The setup of our SPEELS experiment is shown in Fig. 4.1. It is described in 
this section briefly; a more detailed description of some parts of the appara- 
tus is given in the following sections. The numbers in parentheses in the text 
correspond to the numbers in Fig. 4.1. The significant experimental param- 
eters, such as energy resolution, primary polarization, and scattering angle, 
are summarized in Table 4.1. 



Table 4.1. Significant experimental parameters. The energy resolution is the 
FWHM of the peak of the elastically scattered electrons 



Primary polarization 


Po = 20-25% 


Emission current 


7e = 10-20 pA 


Target current 


It = 100-500 nA 


Primary energy 


Eo = 20-130 eV 


Energy resolution 


AEi /2 « 230 meV 


Scattering angle 


e = 90° 


Target temperature 


T = 400-500 K 


Base pressure 


p <2 X 10“® Pa 



Primary electrons longitudinally polarized in the z direction (Fig. 4.1) are 
generated by photoemission from a GaAs crystal (1) with circularly polarized 
light. A brief description of this process is given in Sect. 4.1.2. After an 
electrostatic 90° deflection (2), which takes the electrons out of the exciting 
laser beam (7), the electrons pass through a 180° spherical monochromator 
(4) (mean radius 50mm; for the physical properties see [HI]). Electrostatic 
deflection does not affect the spin direction. The polarization remains in 
the ^ direction and the initially longitudinally polarized electrons impinge 
transversely polarized onto the target. 

The primary energy Eq was varied between 20 and 130 eV in the mea- 
surements reported below. Eq is always given with respect to the Fermi level 
of the oxide (Sect. 4.1.3). 



Barbel Fromme: d— d Excitations in Transition-Metal Oxides, STMP 170, 51—61 (2001) 
(c) Springer- Verlag Berlin Heidelberg 2001 
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SPEELS 




to 

Mott detector 




1 GaAs crystal 

2 90° deflector 

3 electron optics 

4 1 80° monochromator 

5 target 

6 180° analyzer 

7 diode laser (830 nm) 

8 lenses 

9 Glan-Thompson prism 

10 Pockels cell 



Fig. 4.1. Experimental setup ([32, p. 6]) 



The targets (5) were MnO(lOO), CoO(lOO), and NiO(lOO) single crystals. 
Measurements were carried out on freshly in-situ cleaved as well as on sput- 
tered surfaces. The surface preparation, which differed slightly for the differ- 
ent oxides, is described in detail in Sect. 4.2. The target crystal is attached 
to a UHV manipulator, which allows exact positioning of the target for the 
measurements as well as for surface preparation and characterization.^ The 
sample holder contains a heating element to keep the oxide target at 400- 
500 K during measurements and sputtering, to avoid charging (Sect. 4.1.4). 
At these temperatures, a sufficiently high conductivity could be obtained for 
incident electrons of more than 20 eV energy for NiO and of more than 28 eV 
and 30 eV for MnO and CoO, respectively. 

Electrons scattered in the xy plane at a fixed angle of 90°, determined 
by the axes of the electron optics (3), are energy-analyzed by a spherical 
180° spectrometer (6). This spectrometer is identical to the monochromator. 

^ The UHV chamber is equipped with a LEED/ Auger system for surface character- 
ization. However, the oxide samples were not examined by Auger spectroscopy, 
because impact of electrons of the high energies used in Auger spectroscopy was 
found to alter the surface stoichiometry of the oxides (Sect. 4.2). 
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Its acceptance angle is 1.5° [32, p. 8]. The total energy resolution of the 
apparatus, as given by the full width at half maximum of the elastically 
scattered electron peak, was « 230 meV in the measurements reported below. 
Measurements in scattering geometries other than specular are possible by 
rotating the sample, which alters both the incidence and detection angles. 
Details of the scattering geometry are given in Sect. 4.1.5. 

Spin analysis of the scattered and incident electrons is done by means 
of a conventional high-energy (100 keV) Mott detector (Sect. 4.1.6). For the 
measurement of the polarization of the incident electrons Pq, a repulsive 
electrostatic potential is applied to the target. Then the primary electrons 
are reflected into the Mott detector without interaction with the target atoms. 

4.1.2 GaAs Source 

For the generation of polarized electrons a GaAs source is used. Such sources, 
where polarized electrons are created by photoemission using circularly po- 
larized light, have been described in detail elsewhere [158, 159, 160]. A brief 
description is as follows. GaAs is a direct-gap semiconductor with a minimal 
bandgap Eg at the P point {Eg = 1.42 eV at room temperature) [14]. Ow- 
ing to spin-orbit interaction, the degeneracy of the valence band is partially 
lifted. The valence band is split into a fourfold P3/2 and a twofold pi/2 part, 
separated by the so-called “split-ofF energy Eso (Pso = 0.34 eV at the P 
point) [14]. When the GaAs crystal (1 in Fig. 4.1) is illuminated with circu- 
larly polarized light (7-10) with Eg < hv < Eg + E^o, only transitions from 
the P3/2 valence band to the S1/2 conduction band near the P point are possi- 
ble. Owing to the transition probabilities for these excitations with circularly 
polarized light, the excited electrons are up to ±50% polarized. The sign of 
the electron polarization depends on the sign of the photon spin [159, 160]. 
The highest polarization values are reached for hiy < Pg±0.1eV [160]. There- 
fore, we use a diode laser (7) of wavelength 830 nm {hv = 1.49eV). 

The excited electrons thermalize into the bulk conduction-band minimum 
owing to phonon creation and inelastic scattering from valence-band holes 
[34, 37, 119]. Electrons in the conduction-band minimum which diffuse to 
the crystal surface before recombination with valence-band holes occurs can 
escape into the vacuum without being impeded by a surface barrier when the 
surface has a negative electron affinity (NEA). NEA conditions are achieved 
at the GaAs surface by lowering the vacuum level below the bulk conduction- 
band minimum (it always remains higher than the surface conduction-band 
minimum; see Fig. 4.2) by evaporating cesium and oxygen onto the surface. 
The NEA activation procedure is described in the review by Pierce et al. 
[160]. In contrast to the earlier work described by Pierce et al., we use a 
commercially available Gs dispenser, where Gs atoms are emitted owing to a 
chemical process when the dispenser is heated by resistive heating. To achieve 
good long-term stability of the GaAs photocathode, it is useful to maintain 
a weak cesium evaporation during the measurements. 
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Essential for the possibility of the formation of an NEA surface is a differ- 
ence in the energy positions of the bulk and surface conduction-band mini- 
ma, measured with respect to the Fermi level. NEA surfaces can therefore be 
achieved in p-doped GaAs crystals only.^ In such crystals the acceptors pro- 
vide a Schottky-barrier-like downward band bending of E\j ^ Eg/3 « 0.5 eV 
at the surface [34, 172] (Fig. 4.2); the Fermi level is located close to the top 
of the bulk valence band [197, 205]. The work function of the NEA GaAs 
source (Fig. 4.2) is then expected to lie in the energy range 

« -Eg < < Eg 

^ « 0.95 eV < < 1.42 eV. (4.1) 

The emitted electrons are longitudinally polarized parallel or opposite 
to the direction of the momentum of the incident photons [160], but with 
a degree of polarization lower than 50%, owing to spin-relaxation processes 
occurring during and after thermalization of the electrons ([161] and refer- 
ences therein). The polarization of the emitted electrons is correlated with 
the “quality” of the GaAs crystal used. It can differ between different GaAs 
wafers, but crystals cut from the same wafer usually exhibit nearly identical 
polarization values. The activation procedure using cesium and oxygen is of 
minor influence on the polarization of the emitted electrons [49, p. 87ff], [35]. 
In all measurements reported below, the polarization of the emitted electrons 
was Po = 20-25%. 

One great advantage of the GaAs source in comparison with other sources 
of polarized electrons, which often provide a higher degree of electron polar- 
ization [11, 20], is its high current. A current of several microamps is typical 
for an incident laser power of a few milliwatts. With the GaAs crystals used 
by us and an incident laser power of w 10 mW, measured at the GaAs surface, 
a photocurrent of 10-20 pA is obtained with a freshly cesiated and oxidized 
surface. This current decreases gradually to 1-2 pA over several days. After 
heating to 550~650°G for « 10 min and a subsequent new NEA activation 
with cesium and oxygen, the initial current values are reached again, and 
this can be repeated several times. 

A further advantage of GaAs sources is the possibility of reversing the po- 
larization of the electron beam very easily by changing the circularity of the 
light, which is of great importance for the elimination of instrumental asym- 
metries in the polarization measurements (Sect. 4.1.6). In our experimental 
setup (Fig. 4.1), this is done by reversing the sign of the voltage applied to 
the Pockels cell (10). 

Our GaAs source is equipped with a 180° spherical monochromator (4), 
which allows a reduction of the width of the energy distribution of the 
electrons impinging on the target. But owing to the low counting rates in 

^ Good GaAs photocathodes have an acceptor concentration Na of the order of 
atoms/cnP [119, 160]. The crystals used here are Zn-doped with N\ = 
4 X 10^® atoms/cnP; the surface is (lOO)-oriented. 



4.1 Experimental Setup 



55 



spin-resolved electron energy-loss spectroscopy of dipole-forbidden excita- 
tions (Sect. 4.2.1), a high current of incident electrons is desired. The energy 
distribution of electrons emitted from GaAs photocathodes is usually very 
narrow in comparison with that for thermionic cathodes and has a full width 
at half maximum of the order of « 30-130 meV, if the energy of the incident 
light exceeds the bandgap only slightly.^ During the measurements of the 
d-d excitations reported below, a fixed monochromator resolution of 200 meV 
was chosen. In this case the transmission of nearly all electrons emitted from 
the GaAs source can be expected. 

4.1.3 Primary Energy 

For the occurrence of the electron-exchange and resonant scattering inves- 
tigated in the work described in this book (Ghap. 5), the penetration of 
the incident electrons into the crystal must be assumed (Sects. 3.2.3, 3.2.4). 
Therefore, the primary energy Eq inside the target crystal, after acceleration 
by the target work function, is relevant. This energy is determined mainly 
by the voltage 14 applied between the GaAs photocathode and the target. 
The energy relations between the GaAs and oxide crystals are illustrated in 
Fig. 4.2. 

As can be inferred from Fig. 4.2, Eq exceeds the energy difference el4 
between the Fermi levels of the source and target only slightly. Because of 
the lowering of the work function (4.1), the nearly complete thermalization 
of the excited electrons into the GaAs conduction-band minimum prior to 
emission, and the very narrow energy distribution of the emitted electrons 
(Sect. 4.1.2), the energy of all electrons emitted from the GaAs source is 
expected to lie between and Eg with respect to the Fermi level of the 
source. 

From Fig. 4.2 and (4.1), it is clear that Eq deviates from the applied 
potential el4 by 

el4 + ^ Eq < el4 + Eg 

0.95 eV -k eVa < Ao < 1.42 eV-keVa. (4.2) 

A more exact value of Eq cannot be given, owing to the uncertainties in the 
work function of the source (4.1) and in the position of the maximum of the 
energy distribution of the emitted electrons. But, in the measurements below, 
where el4 was varied between 20 and 130 eV, a deviation of the order of 1 eV 

® The shape of the energy distribution and its FWHM depend on the energy of the 
incident light and the crystal temperature [34, 40, 95, 160]. In addition, a depen- 
dence on the work function 4>s of the NEA surface is found. If the work function 
rises towards Eg ((4.1), Fig. 4.2), which can happen owing to nonoptimal prepa- 
ration of the NEA surface or “natural aging” of the cathode by contamination 
with residual-gas atoms, the low-energy part of the energy distribution of elec- 
trons reaching the band-bending region of the GaAs crystal is cut off. The width 
of the energy distribution of the emitted electrons is then reduced [34, 39, 103]. 
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Fig. 4.2. Energy relations between an NEA GaAs source and a transition- metal 
oxide target. For the GaAs crystal, the top of the valence band and the bottom of 
the conduction band at the F point, the band-bending towards the surface, and the 
Gs-O layer (Sect. 4.1.2) are shown. For the oxide, only the highest occupied levels, 
the TM 3d states, located close to the Fermi level, are shown (for other states see 
Fig. 3.5) 



between Eg and et4 (4.2) is negligible. Therefore, in all spectra presented in 
Chap, o, 

Eo eCa (4.3) 

is taken as the primary energy of the incident electrons, while we must be 
aware of a possible energetic shift of the order of « 1 eV inferred from (4.2). 

Some remarks about the Fermi-level positions in Fig. 4.2. In the highly 
p-doped GaAs crystals used in GaAs photocathodes, the Fermi level lies very 
close (within several tens of meV) to the top of the valence band (Sect. 4.1.2). 
For the insulating transition-metal oxides, the position of the Fermi level is 
not well known. For NiO, it is known that this material always contains 
defects, and in fact it is thermodynamically stable only if it contains these 
defects (metal vacancies) [1, 83], [84, p. 299]. At a metal vacancy, the charge 
of the missing metal ion is compensated by a hole on an adjacent oxygen ion. 
NiO therefore is a p-type material, with oxygen holes acting as acceptors. 
These acceptors determine the Fermi level, which is believed to lie within 
a range of 0.5 eV [83, 204], [84, p. 299] above the top of the “valence band” 
(containing band-like O 2p as well as localized Ni 3d states; see Sect. 2.2) and 
therefore to provide the conductivity at higher temperatures (Sect. 4.1.4). 
The existence of such defect acceptors and therefore a similar Fermi-level 
position must also be assumed for GoO and MnO, because both compounds 
show a high-temperature conductivity similar to that of NiO. 
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4.1.4 Target Temperature 

For all experimental techniques involving charged particles used in the work 
described here (i.e. electron energy-loss spectroscopy, low-energy electron 
diffraction, and cleaning by sputtering with ions; see Sects. 4.1.1, 4.2), the 
samples under investigation must exhibit a sufficiently high conductivity to 
avoid charging. Wide-gap insulators with a very low conductivity such as the 
transition- metal monoxides are usually not accessible to these techniques. 
The key here is the slight deviation from stoichiometry, mentioned above 
in Sect. 4.1.3: at temperatures higher than room temperature, the accep- 
tors arising from the metal vacancies provide a sufficiently high conductivity. 
For NiO crystals, heating to 400-450 K allows measurements with incident 
electrons of primary energies higher than 20 eV. For CoO and MnO slightly 
higher temperatures are needed (for CoO, «450K, MnO, 450-500 K); mea- 
surements with electrons of primary energy Eq higher than 30 eV and 28 eV, 
respectively, were possible here. 

4.1.5 Scattering Geometry 

The scattering geometry in the work described here is illustrated in Fig. 4.3. 

As mentioned in Sect. 4.1.1, the scattering angle 6 is determined by the 
axes of the electron optics (Fig. 4.1) and fixed at 90°. In the specular scat- 
tering geometry, therefore, the incidence angle and the detection angle 9^ 
are both 45° with respect to the surface normal (Fig. 4.3a). The scattering 
geometry can be varied by rotating the sample by an angle <5, which alters the 
incidence angle as well as the detection angle: 9i = 45°-|- 5, 9^ = 45°— <5. In the 
scattering-geometry-dependent measurements reported below (Sect. 5.3), the 
spin-resolved energy-loss spectra or polarization curves are plotted against 




Fig. 4.3. Scattering geometry. The scattering angle is fixed at 9 = 180° — (0i+0d) = 
90°; 5 is the rotation angle of the target; 9i = 45° -I- 5, 0d = 45° — 5. (a) 5 = 0°, 
specular scattering geometry {9i = 9d = 45°); (b) 5 < 0°, off-specular scattering 
geometry with rotation towards grazing detection angles {9i < 45°, 9d > 45°); 
(c) 5 > 0° , off-specular scattering geometry with rotation towards grazing incidence 
angles {9i > 45°, 9d < 45°) 
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the rotation angle S. As illustrated in Fig. 4.3, <5 = 0° in the specular scat- 
tering geometry. Negative S values always correspond to a rotation towards 
more grazing detection and steeper incidence angles (Fig. 4.3b); positive S 
values denote a rotation towards more grazing incidence and steeper detection 
angles (Fig. 4.3c). 



4.1.6 Mott Detector 



For the determination of the electron polarization, a conventional high-energy 
(100 keV) Mott detector is used in the apparatus described here. These com- 
monly used detectors and their physical background are described in several 
publications; a brief survey is given in the book by Kessler [102, pp. 46ff. 
and 233ff.] . In summary, in these detectors advantage is taken of the spin de- 
pendence of electron-atom scattering due to spin-orbit interaction between 
the spin of the incident electron and its orbital angular momentum with re- 
spect to the scattering atom (Mott scattering). For materials with a high 
atomic number Z (a thin gold foil of 1000 A thickness is used in the present 
system) the spin-orbit interaction leads to considerable differences in the dif- 
ferential scattering cross sections for transversely polarized electrons^ with 
opposite spin directions. In the Mott detector this leads to an asymmetry in 
the counting rates and N\ measured in two detectors placed symmetrically 
at scattering angles ±0 in its scattering plane. The asymmetry for a totally 
polarized electron beam is called the Sherman function, S, and is a measure 
of the analyzing power of the spin detector. Apart from the Z dependence, 
the Sherman function depends strongly on the foil thickness, scattering angle, 
and electron energy. The polarization of an electron beam is given by 



1 N^-Ni 
S Nr + Ni' 



(4.4) 



Our Mott detector follows the commonly used setup with five surface- 
barrier detectors, one in the forward direction for measurement of the spin- 
integrated spectra and two perpendicular pairs of detectors for the determi- 
nation of the two possible transverse polarization components (in the z and 
y directions. Fig. 4.1). The detectors are placed at the angles usually chosen 
{9 = ±120°), where the Sherman function of 100 keV electrons scattered at 
a gold target reaches its maximum [102, p. 64]. The Sherman function of the 
1000 A gold foil used in our Mott detector is S' = 0.21 [32]. 

Instrumental asymmetries, which introduce errors into the polarization 
measurements, are always present in Mott detectors, owing to different ef- 
ficiencies of the surface-barrier detectors and misalignments of the incident 

Owing to the dependence of the spin-orbit scattering potential on the scalar 
product of the spin and angular momenta, i s, only polarization components 
perpendicular to the scattering plane, i.e. transverse to the beam direction, can 
be measured. 
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beam. In our experimental setup, these asymmetries are eliminated by revers- 
ing the polarization of the incident electrons by changing the polarization of 
the exciting photons in the GaAs source (Sect. 4.1.2). If the helicity of the 
light is switched from cr+ to (j~ , the polarization of the scattered electrons Ps 
changes its sign without a change in magnitude if instrumental asymmetries 
are negligible. On the other hand, if |Ps(c''')| yf |Ps(o’“)|, the instrumental 
asymmetry can be calculated and eliminated from the four counting rates 
obtained in the two detector pairs, for the two polarization directions of the 
incident electrons [102, pp. 233ff.], [36]. 



4.2 Targets and Target Preparation 

All oxide target crystals were initially cleaved in air along the (100) plane from 
commercial, nominally single-crystal NiO, CoO, and MnO boules and then 
inserted into the UHV chamber. The further preparation of the surfaces prior 
to the measurements reported below differed slightly for the three oxides, 
owing to different cleavage behavior and differences in the sensitivity of the 
surface to chemisorption and damage by electron impact. 

4.2.1 NiO 

The NiO crystals were very easily cleaved in situ in the vacuum chamber. 
The surface of the in-situ cleaved NiO single crystals was of excellent qual- 
ity; the low-energy electron diffraction (LEED) spots were very sharp. Be- 
low the Neel temperature of 523K (Table 2.1), NiO showed the typical four 
half-order LEED spots (Sect. 5.4.1, Fig. 5.27), indicative of a multidomain 
antiferromagnetic order of the surface [74, 156]. The surfaces seemed to be 
very homogeneous; energy-loss spectra obtained from different areas of the 
surface were found to be identical. 

The freshly cleaved NiO surfaces were very sensitive to damage by elec- 
tron impact; the surface stoichiometry was altered even at low primary en- 
ergies of 30-40 eV. After just 24 h of electron impact onto the same surface 
spot, the electron energy-loss spectra began to change slightly and the signal- 
to-background ratio of the energy-loss peaks asigned to the d-d excitations 
was reduced. The surface d-d excitations were especially strongly affected, 
because the excitation energies depend on the surrounding crystal field and 
therefore on the stoichiometry of the surface (Sect. 2.3.3). Reproducible mea- 
surements were possible for a few days after cleavage if the target position was 
changed with respect to the incident electron beam. Adsorption of residual- 
gas atoms or molecules seemed to be negligible up to several days after cleav- 
age, because the spectra obtained from an area of the surface not exposed 
to electrons before were of the same excellent quality as those measured on 
a freshly cleaved surface. This insensitivity to contamination is attributed to 
the catalytic behavior of the surface. 
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The counting rates in spin-polarized energy-loss spectroscopy of dipole- 
forbidden transitions are usually very low. The measurements here were per- 
formed with rates down to less than 500 counts/s in the forward detector for 
the spin-integrated spectra (Sect. 4.1.6). The counting rates in the detectors 
for the backscattered electrons {N,- and N\ in (4.4)), which are needed for 
the polarization measurements, were of the order of less than 10 counts/s 
in this case, and the acquisition time needed to accumulate enough counts 
for significant statistics was comparatively long.® Owing to this very long 
data-acquisition time and the short “lifetime” of the freshly cleaved surface, 
it was not possible to measure on freshly cleaved NiO surfaces exclusively. 
Several measurements had to be performed on surfaces sputtered with 500 eV 
Ar ions for « 30 min. The spectra obtained within two days after sputtering 
showed a sufficiently good correspondence with those obtained from freshly 
cleaved NiO crystals. Except for the surface d-d excitations (Sect. 2.3.3), 
which were clearly visible with freshly cleaved surfaces only, all d-d excita- 
tions were readily observable. However, they were slightly more visible in the 
spectra of cleaved surfaces, because the continuously distributed background 
due to sputter-induced defects was absent.® 

4.2.2 CoO 

CoO was cleaved in a similar simple manner to NiO. The CoO surfaces seemed 
to be less sensitive to surface damage due to electron impact, and the possible 
data-acquisition time for the same surface area was substantially longer; the 
counting rates for the d-d excitation energy-loss peaks were higher than in 
the case of NiO. Therefore, all CoO measurements shown in the following 
were obtained from freshly UHV-cleaved surfaces, but with several changes 
of the target position with respect to the incident electron beam, similar to 
those described for NiO (Sect. 4.2.1). 

CoO seemed to be quite inert against adsorption. The energy-loss spectra 
of air-cleaved CoO were of very high quality, comparable to those obtained 
from the in-situ UHV-cleaved surfaces. All bulk d-d excitations were clearly 
observable. In air-cleaved NiO and MnO, on the other hand, these excitations 
were hardly visible. 

4.2.3 MnO 

The MnO samples were cleaved from a boule, also nominally single-crystal as 
in the case of NiO and CoO. But, in contrast to NiO and CoO, which showed 

® For example, each data point of the primary-energy-dependent polarization curve 
for NiO (Fig. 5.13a, Sect. 5. 2. 3. 2) took about 10-20 h data-acquisition time. 

® A comparison of energy-loss spectra measured under identical scattering con- 
ditions on sputtered and freshly cleaved NiO crystals is presented in [50] and 
Fig. 5.26 (Sect. 5.3.2.2). 
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very homogeneous surfaces, the MnO cleavage surfaces were inhomogeneous 
and showed facets several square milimeters in area, indicating that the boule 
was not single-crystal, but actually consisted of several small crystallites. As 
reported earlier in the literature [75, p. 35], we also saw that cleavage of 
MnO was difficult. In contrast to the NiO and CoO single crystals used 
here, the MnO crystals could be cleaved in air only, and not in situ under 
UHV conditions. The cleaved MnO surface is known to be very active to 
chemisorption, which might be due to the formation of a large number of 
surface defects during cleavage [75, p. 220], and, in fact, the air-cleaved MnO 
surfaces showed very bad EEL spectra and had to be sputtered with 500 eV 
Ar ions and annealed at 450-500 K for several hours before spectra of good 
quality could be obtained. 

Polished and annealed MnO surfaces are known to be of very good quality; 
sputtered and annealed surfaces have been found to be quite inert, especially 
in UHV [75, p. 220]. This leads to the conclusion that there is a very small 
number of surface defects for samples prepared by these techniques. In accor- 
dance with this assumption, the energy-loss spectra obtained from some of 
the surface facets of our sputtered and annealed samples showed an excellent 
quality, comparable to the spectra obtained from freshly UHV-cleaved NiO 
and CoO crystals. A continuously distributed background intensity in the 
optical gap, of the kind indicating surface damage in NiO (Sect. 4.2.1), was 
completely absent. But some hints of a slight deviation from stoichiometry 
were found for the MnO samples, because most energy-loss spectra obtained 
at various surface facets showed a weak excitation peak which was attributed 
to a d-d transition of Mn^+ ions in Mn20a (Sect. 5.5.2). 

The sputtered and heated MnO surfaces in our experiments were also 
found to be very inert. Over several days, no change in the energy- loss spec- 
tra due to surface contamination was observed. In addition, damage due 
to electron impact, which limited the data-acquisition time in NiO strongly 
even at primary electron energies of less than 40 eV (Sect. 4.2.1), seemed to 
be nearly negligible for MnO in the primary energy range of up to 130 eV. 
After the prolonged initial sputtering of the MnO crystals described above, 
repeated sputtering for 0.5-1 h every three or four days provided reproducible 
energy-loss spectra of excellent quality. 
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Results and Discussion 



5.1 Introductory Summary 

In this chapter, the results of our spin-polarized electron energy-loss measure- 
ments of the dipole- forbidden d-d excitations CoO, and NiO are presented 
and discussed. Measurements of some transitions across the optical gap and 
of some dipole-allowed and dipole-forbidden excitations from upper core lev- 
els are also included. Most of the results and conclusions presented here have 
already been published [50, 51, 52, 53, 54, 55, 56]. References to these publi- 
cations are often omitted in this chapter for simplicity. 

The efficiency of electron energy-loss spectroscopy for the excitation and 
examination of dipole-forbidden d-d transitions may be demonstrated here, 
by way of introduction, by three excellent energy-loss spectra of the gap 
region of NiO, CoO, and MnO (Fig. 5.1). Details of the spectra, such as 
the assignment of the energy-loss structures to particular excitations or the 
gap width for example, are discussed below. The d-d excitations appear in 
the optical gap in the energy-loss range up to « 6 eV and give rise to sharp 
energy-loss peaks, clearly demonstrating the localized, atomic-like nature of 
the participating initial and final states (Sect. 2.3). In contrast to optical 
absorption spectroscopy, where the intensities of d-d excitations and dipole- 
allowed transitions across the optical gap differ by several orders of magnitude 
(Sect. 2.3.2), in the energy-loss spectra here, the d-d excitation intensities are 
of the same order of magnitude as the dipole- allowed transitions, which give 
rise to a broad, more continuously distributed intensity occurring at energy 
losses above « 4-5 eV. In particular, for MnO with its exclusively multiplicity- 
changing, parity- and spin-forbidden d-d transitions (Sect. 2.3.2), the d-d 
transition intensities exhibit astonishingly high values; the intensity of the 
dominant d-d excitation with 2.82 eV excitation energy and the intensities 
of the gap transitions are of nearly identical size here (Fig. 5.1c). As shown 
by our spin-resolved measurements, electron exchange is significant in the 
excitation of all the d-d transitions in NiO, CoO, and MnO with electrons 
of up to more than 100 eV primary energy. 

The spectra of Fig. 5.1 were recorded with primary energies where the 
d-d excitations were found to be enhanced owing to the resonant scattering 
processes described in Sect. 3. 2. 4. 2. It is the knowledge and use of the reso- 
nant primary energies in union with the special advantages of spin-polarized 
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Fig. 5.1. Spin-integrated energy-loss spectra of (a) NiO, (b) CoO, and (c) MnO, 
measured at selected primary energies in the specular scattering geometry 



electron energy-loss spectroscopy which is essential for the experimental de- 
termination of the excitation energies, their assignment to particular d-d 
transitions, and their comparison with calculated values: at off-resonant pri- 
mary energies, all d-d excitation intensities are strongly reduced and only the 
dominant d-d excitations remain clearly visible; the weaker ones are hardly 
observable or not observable at all. The weaker excitations can be measured 
in resonance only (Sect. 5.2.1). Nevertheless, some of them remain barely vis- 
ible even in resonance. But they can be clearly observed in the spin-resolved 
spectra: the d-d transitions with excitation energies above «3.5-4eV in MnO 
and «2.5eV in NiO and CoO are superimposed on the transitions across the 
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optical gap, which increase rapidly with energy loss but are mainly con- 
fined to the nonfiip intensity (Sect. 5. 2. 3.1). These d-d excitations and also 
transitions of low intensity which are superimposed on very intense ones are 
hardly visible in the spin-integrated spectra but give rise to distinct struc- 
tures in the spin-flip spectra or in the polarization of the scattered electrons 
(Sect. 5. 2. 3.1) owing to the high contribution of spin-flip exchange processes 
to their excitation. By use of spin-resolved measurements in resonance, it 
is possible to measure and assign nearly all sextet-quartet d-d transitions 
of MnO. For CoO, some of the d-d excitations of higher excitation energies 
have been measured here for the first time. This is discussed in detail in 
Sect. 5.5. 

Scattering-geometry-dependent spin-polarized electron energy-loss mea- 
surements (Sect. 5.3) are found to provide additional important information, 
not only about the contributions of different scattering mechanisms to the to- 
tal scattering or excitation process (Chap. 3), but also concerning the assign- 
ment of energy-loss peaks to particular d-d transitions and the identification 
of surface d-d transitions. With these measurements, striking differences are 
found for the excitation of d-d transitions in and off resonance. In resonance, 
the excitation of multiplicity-changing as well as multiplicity-conserving d-d 
transitions is found to be completely determined by exchange processes in any 
scattering geometry; the intensity of the scattered electrons has a wide angu- 
lar spread, but with a distinct maximum in the specular scattering geometry. 
Off resonance, the exchange scattering with a wide angular spread, is super- 
posed on nonfiip dipole-scattering processes, which are strongly confined to 
a small dipolar lobe around the specular scattering geometry (Sects. 3.2.2, 
3.3.2), if slightly allowed multiplicity-conserving d-d transitions are excited 
(Sect. 2.3.2). Excitation by inelastic dipole scattering is nearly completely 
missing in the spin- for bidden, multiplicity-changing d-d excitations of MnO, 
as expected. 

By means of scattering-geometry-dependent spin-resolved measurements, 
the dominant 2eV d-d excitation of CoO (Fig. 5.1b), which has been a sub- 
ject of controversy in the literature (Sects. 2.3.1, 5.5.3) and has often been 
assigned to a quartet-doublet excitation, has now definitely been identified 
as a slightly allowed quartet-quartet excitation ("Tig — > "‘A 2 g ('^F)), because 
a considerable contribution of dipole-scattering processes to this excitation 
is found at off-resonant primary energies (Sect. 5. 3. 1.2). 

The d-d excitations of surface Ni ions (Sect. 2.3.3), observable with freshly 
cleaved NiO crystals, and the bulk d-d excitations show completely dif- 
ferent scattering-geometry dependences of spin-flip and nonfiip intensities 
((3.10) and (3.11)), providing a possibility to distinguish between them. Tak- 
ing advantage of this possibility and the aforementioned high intensity of 
all d-d excitations at resonant primary energies, some surface excitations 
of NiO have been measured for the first time in the work described here 
(Sect. 5.3.2). 
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5.2 Primary-Energy Dependence and Resonances 

5.2.1 Spin-Integrated Energy-Loss Spectra 

Spin-integrated energy-loss spectra of the gap region of NiO are shown in 
Fig. 5.2 for selected primary energies between 25 and 115eV. The intensities 
of all energy-loss peaks assigned to d-d excitations, which appear as distinct 
features in the optical gap, depend strongly on the primary energy and show 
a strong resonant enhancement around 38 eV and a weaker one at 100-102 eV 
primary energy. (A third resonance occurs around 30 eV primary energy. This 
resonance is discussed below.) Such resonances are also observed in CoO and 
MnO (Figs. 5.3 and 5.4): the d-d excitations of both CoO and MnO show 
a similar, strong resonant enhancement at the same primary energy of 36- 
38 eV and a second, weaker one at higher energy, at different energies for the 
different oxides (around 95 eV in CoO and 85-86 eV in MnO). The resonant 
enhancement of the energy-loss peaks arising from the ^Tig — > ^T 2 g (^F) and 
^Tig ^ ■*A 2 g (^F) excitations of CoO (0.81 eV and 2eV energy loss) and the 




Fig. 5.2. NiO. Spin-integrated energy-loss spectra of the gap region, measured with 
different primary energies Eq in the specular scattering geometry. The spectra are 
normalized to the intensity of the minimum at 2 eV energy loss 
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Fig. 5.3. CoO. Spin-integrated energy-loss spectra of the gap region, measured 
with different primary energies Eq in the specular scattering geometry. The spectra 
are normalized to the intensity of the elastically scattered electrons 



®Aig — > ^Aig, ^Eg (^G) excitations of MnO (2.82 eV energy loss)^ is shown 
in detail in Figs. 5.5 and 5.6a, where the intensities of the peaks, normalized 
to the intensity of the elastically scattered electrons {AE = 0), are plotted 
versus the primary energy. 

The resonances can be explained by resonant scattering processes of the 
kind described in Sect. 3.2.4. When the primary energy corresponds to an 
inner excitation threshold, the excitation of d-d transitions via formation 
and decay of an intermediate compound state interferes with the regular d-d 
excitations, which are possible at any primary energy, and the d-d excita- 
tions are resonantly enhanced. The existence of such processes requires the 

^ For the assignment of the energy-loss peaks to the d-d excitations several results 
of our primary-energy- and scattering-geometry-dependent SPEELS measure- 
ments (Sect. 5.2, 5.3) have been used. The assignments of the d-d excitation 
peaks are therefore discussed in detail below (Sect. 5.5) and are given here in 
anticipation of this discussion. The d-d excitation energies are average values, 
obtained from the evaluation of many of our energy-loss spectra. This is also 
discussed in Sect. 5.5. 
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Fig. 5.4. MnO. Spin-integrated energy-loss spectra of the gap region, measured 
with different primary energies Eq in the specular scattering geometry. The spectra 
are normalized to the intensity of the elastically scattered electrons 



coincidence of the resonant primary energy with the excitation energy of 
another transition, such as an interband or core-level excitation. This coinci- 
dence is demonstrated in Fig. 5.6 for MnO. In addition to the primary-energy 
dependence of the intense ®Aig ^ “^Aig, ^Eg (^G) excitations with 2.82 eV 
excitation energy (Fig. 5.6a), a part of an energy-loss spectrum, recorded 
with incident electrons of 130 eV primary energy is shown (Fig. 5.6b). The 
resonances (Fig. 5.6a) are correlated with the appearance of broad structures 
in the energy-loss spectrum (Fig. 5.6b), which we assign to the 0 2p-03p 
and Mn3s-Mn3d excitation. These assignments are discussed in detail be- 
low and in Sect. 5.6.1 (Table 5.5). The slight shift of «2eV between the 
maxima of the energy-loss structures (Fig. 5.6b) and the resonant primary 
energies (Fig. 5.6a) is a consequence of the process of formation of the com- 
pound state and the definition of the primary energy (Sect. 1.1.3): as can 
be inferred from Fig. 3.5b, for the resonance at the transition-metal 3s-3d 
threshold, the primary energy i?o,res required for the formation of the com- 
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Fig. 5.5. CoO. Primary-energy dependence of the normalized intensity at 
(a) 0.81 eV energy loss ("^Tig ^ "^T 2 g ('^F) excitation) and (b) 2eV energy loss 
('^Tig — > "^A 2 g (“^F) excitation), measured in the specular scattering geometry 



pound state exceeds the 3s-3d excitation energy E 3 s_ 3 d which is measured in 
the energy-loss spectrum (Fig. 5.6b). 

In EELS of oxides, only the NiO resonance at high energy (« 100-102 eV, 
Fig. 5.2) has been observed previously, and this was attributed to a resonant 
excitation process at the Ni3s-M3d threshold (Sect. 3. 2. 4. 2, Figs. 3.5a,b 
and (3.9a,b)). As already noted in Sect. 3. 2. 4. 2, this interpretation was not 
uncontested in the past, because, unlike our recent observations on MnO 
(Fig. 5.6), the resonance energy of 100-102 eV in NiO is shifted by several 
electron volts with respect to the 3s-3d excitation energy (£’ 3 s_ 3 d ~ llleV, 
Sect. 3. 2. 4. 2). 

This shift has been explained [65], [64, p. 134] by the strong Coulomb 
interaction between the localized 3s hole and the two additional 3d electrons 
localized at the same Ni ion during the lifetime of the compound state (left- 
hand part of Fig. 3.5b). Strong interactions between the 3s core hole and the 
3d electrons are also observed in photoemission spectra of NiO in the vicinity 
of the 3s threshold. There, the Coulomb interaction between the 3s hole 
created in the photoemission process and the 3d electrons lowers the energy 
levels of the Ni ion. An O 2p electron can be transferred into an initially empty 
3d state, and the Ni 3s hole is screened owing to this “charge transfer” from 
the oxygen ligand. The energies required for photoemission from the Ni 3s 
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Fig. 5.6. MnO. (a) Primary-energy dependence of the normalized intensity at 
2.82 eV energy loss (®Aig — > "^Aig, ^Eg (^G) excitations), measured in the specular 
scattering geometry, (b) Energy-loss spectrum measured in the specular scattering 
geometry with 130 eV primary energy. The assignment of the energy-loss structures 
to the interband and core-level excitations is discussed in Sect. 5.6.1 (Table 5.5) 



level with screening (O 2p® Ni 3s^ 3d® + hiy ^ 0 2p®Ni3s^3d® -I- e“) and 
without this screening process (O 2p® Ni 3s^ 3d® + hiy ^ O 2p® Ni 3s^ 3d® -h 
e“) are different. A strong satellite, arising from this charge-transfer process^, 
is observed in x-ray photoemission spectra at a binding energy 6.3 eV lower 
than the main line [200, pp. 80ff.]. However, although the observation of 
charge-transfer satellites in the photoemission spectra strongly supports the 
assumption of a strong 3s hole-3d electron interaction in NiO, the assignment 
of the 100 eV EELS resonance to the 3s-3d excitation remained doubtful, 

^ A detailed description of such charge-transfer processes and the corresponding 
satellites occurring in x-ray photoemission spectroscopy of several core levels in a 
variety of transition-metal compounds has been published by Veal and Paulikas 
[207]. 
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owing to the large discrepancy between the resonance energy and the 3s-3d 
excitation energy. 

Our measurements on CoO and MnO now strongly support this inter- 
pretation: if excitations between transition-metal states are exclusively re- 
sponsible for the formation of the compound state involved in the resonance 
(Sect. 3. 2. 4. 2), different resonant primary energies i?o,res must be expected 
for the different oxides owing to the differences in the binding energies of the 
metal electrons. This is in fact observed (Figs. 5. 3-5. 6). In contrast to the 
low-energy resonance at 36-38 eV, which is discussed below, the high-energy 
resonance exhibits a distinct shift towards lower primary energy in CoO and 
MnO, in accordance with the lower binding energies of the 3s electrons in 
CoO and MnO. 

The difference between the 3s-3d resonance energy (Flo, res) and the 
3s-3d excitation energy (ifss-sd) decreases in going from NiO to MnO. 
Whereas Flo, res = 100-102eV and Fla^^ad « llleV in NiO (Sect. 3. 2.4. 2), 
Flo, res = 95eV (Fig. 5.5) and Fla^-sd = 101 eV [184] in CoO. In MnO, the 
3s-3d resonance primary energy corresponds exactly to the 3s-3d excitation 
energy (Fig. 5.6). Therefore, the perturbation of the TM^+ ion caused by the 
interaction of the d-electrons with the 3s hole localized at the same transition- 
metal ion seems to decrease with decreasing number of d electrons. A similar 
tendency is observed in 3s photoemission [200, p. 80ff.j. The above-mentioned 
splitting between the main line and the charge-transfer satellite, indicating 
the strong interaction between the 3s core hole and the 3d electrons in the 
photoemission spectra, is also found to decrease with decreasing number of d 
electrons. For MnO, with only five d electrons, the charge-transfer satellite is 
completely missing, indicating a negligible influence of the Coulomb attrac- 
tion between the 3s hole and the 3d electrons on the position of the Mn^+ 
energy levels. 

The strong low-energy resonance, occurring at nearly identical primary 
energies of 36-38 eV in the three oxides, is exactly correlated with a broad 
energy-loss structure (Fig. 5.6 for MnO, Fig. 5.7 for NiO and CoO), also ap- 
pearing at nearly identical position («33-43eV in NiO, «31-42eV in CoO 
and «28-40eV in MnO [2, 63, 98], [64, p. 72], [200, p. 61], [124]). The origin 
of this structure has been a subject of controversy in the literature, because 
several transitions may contribute to this structure, for energetic reasons: 
the O 2s-TM4s/4p and O 2p/TM3d-0 3s transitions have been suggested to 
be responsible for this loss structure [98], [200, p. 61], [124], as well as the 
O 2p/TM 3d-0 3p excitations [63] , [64, p. 70] . The coincidence of the resonant 
primary energies (and the corresponding energy-loss structures) in the dif- 
ferent oxides leads to the assumption that transitions between oxygen levels 
are responsible for their occurrence, owing to the nearly identical positions of 
the oxygen levels in the oxides [38, 211]. Therefore, we follow the argument 
of Gorschliiter and Merz [63], [64, p. 70] given for NiO and attribute the 
energy-loss structure around 38 eV mainly to transitions from the O 2p band. 
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energy loss (eV) 

Fig. 5.7. NiO and CoO. Energy-loss spectra, measured in the specular scattering 
geometry {Oi = 9d = 45°) with 1200 eV primary energy ([64] p. 72, by permission 
of A. Gorschliiter) . The CoO spectrum is arbitrarily shifted towards higher inten- 
sity. The 0 2p-0 3p excitation (broad energy-loss structure around « 36-38 eV), 
responsible for the occurrence of the strong low-energy resonance is denoted by full 
arrows. Even at this high primary energy, the intense d-d excitations (1.58 eV for 
NiO, 2eV for CoO, compare Figs. 5. 1-5.4) are weakly visible in the optical gap. 
The intense structures around « 22 eV energy loss are attributed to the excitation 
of volume plasmons ([64, pp. 68ff.], [6, 65]). The Erst transitions across the optical 
gap are discussed in Sect. 5.6. The dashed arrow denotes the 0 2s-Ni4s excitation 
(see text) 



which is located between ~ 2-8 eV below the Fermi level [38, 58, 59, 211],^ to 
an unoccupied band centered around 33 eV above the Fermi level. This band 
causes a broad maximum in bremsstrahlung isochromat spectra [64, pp. 32ff.] . 
It is attributed to O 3p states [64, pp. 35ff.] because x-ray absorption mea- 
surements [26] clearly show that transitions from the O Is level into these 
final states are dipole-allowed, indicating their p-like character. 

At the O 2p-0 3p threshold, the incident electron can be captured into an 
unoccupied 3d state during excitation of an O 2p electron into the O 3p band. 
An intermediate O 2p^ TM3d"“*'^ O 3p^ state is formed. The Auger decay 
of this compound state into an O 2p® TM 3d"* final state, similar to that 
occurring in the TM 3s-TM 3d resonance (Sect. 3. 2. 4. 2, Fig. 3.5b, (3.9b)), 

® The photoemission peaks attributed to emission from O 2p and Ni 3d states over- 
lap strongly. The Ni3d peaks (mainly attributed to d®L“ and d^ final states) 
appear at binding energies only slightly different from the O 2p binding energy. 
The Ni3d-0 3p transition may therefore require excitation energies similar to 
the O 2p-0 3p transition and may also contribute to the energy-loss structure 
around 38 eV. 
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explains the resonant behavior of the d-d excitations. In contrast to the 3s- 
3d resonance, here the resonant primary energy is not shifted with respect to 
the excitation energy. The reason is that the holes are not localized at the TM 
ions in this case, and the strong interaction between the localized d electrons 
and the hole, observed at the 3s-3d resonance in NiO and CoO, is missing. 
Doubts about this interpretation of the 38 eV resonance arose from the fact 
that interatomic Auger processes must be assumed, involving TM ions as 
well as oxygen ions. A high probability of such processes seems doubtful 
indeed, although the resonant behavior of the O 2p-Ni 3d transition at the 
Ni 3s-Ni3d threshold (see Sect. 3. 2. 4. 2, (3.9a,b), but with a 3s^ O 2p^ 3d® final 
state) clearly shows the existence of interatomic Auger processes. Besides, a 
relatively high probability of interatomic Auger processes in MgO has been 
shown by Matthew and Komninos [121]. It should be noted that all the 
excitations which are suggested to contribute to the loss structure around 
38 eV (see above) can cause a resonance only if interatomic Auger processes 
are assumed. 

In the transition- metal oxides of the 3d series, TM 3d and O 2p states are 
hybridized (Sect. 2.2). This hybridization seems to be essential for the possi- 
bility of the interatomic Auger processes required for the resonant enhance- 
ment of the d-d excitations at the O 2p-0 3p threshold, as can be concluded 
from recent primary-energy-dependent electron energy-loss measurements on 
the f-f transitions of europium ions in europiumoxide [57] : similarly to the d 
electrons of the transition-metal oxides of the 3d series (Sect. 2.2), the 4f elec- 
trons of rare-earth compounds remain localized at the rare-earth ions. But in 
contrast to the 3d electrons of the transition-metal oxides, these 4f electrons 
are effectively shielded by the filled 5s and 5p shells, which are higher in 
energy. Therefore, they are hardly affected by the chemical environment and 
retain nearly pure f character. In our electron energy-loss measurements with 
primary energies up to 200 eV, only one weak resonance of the Eu f-f transi- 
tions was found. This resonance is attributed to the simultaneous excitation 
of europium 4f-4f and 4d-4f transitions. Corresponding resonances have been 
observed in a variety of pure rare earth metals [29, 133, 134] (Sect. 3. 2. 4. 2). 
Hints of further resonances in europiumoxide have not been found and a 
resonance of the f-f transitions owing to simultaneous excitations involving 
oxygen states must be excluded. 

As can be inferred from Figs. 5. 2-5. 6, the intensity of the d-d excitations is 
very high at the O 2p-0 3p resonance (around 36-38 eV) for the three oxides. 
The TM3s-TM3d resonance is much less pronounced and barely visible in 

This resonant enhancement, previously shown by Gorschliiter [64, pp. 61ff.], was 
also observed by us and leads to the high intensity at « 7.3 eV energy loss (O 2p- 
Ni3d transition) in the spectra measured with the 100 eV resonant primary en- 
ergy (Fig. 5.1a). At most other primary energies between 20 and 120 eV the in- 
tensity of the gap excitation, requiring « 4.8-5 eV (shoulder in Fig. 5.1a), which 
is assigned to the charge-transfer transition (Sect. 2.2), distinctly exceeds that 
of the O 2p-Ni3d excitation. 
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MnO (Figs. 5.4 and 5.6). The latter is surprising at first sight because the 
higher number of unoccupied 3d states leads to the expectation of a higher 
formation probability of the 3s^3d"“'"^ compound state (3.9b) in MnO owing 
to the higher number of possible channels for the 3s-3d excitation as well as 
for the capture of the incident electron into an unoccupied 3d state. In fact, 
the intensity of the TM 3s-TM 3d excitation is found to increase in the energy- 
loss spectra on going from NiO to MnO, according to this expectation [184]. 
But in the case of the resonances, not only must the 3s-3d excitation and the 
capture of the incoming electron, leading to the formation of the compound 
state, be considered, but also the subsequent Auger decay, responsible for 
the emission of electrons detected with energy losses corresponding to the 
d-d excitation energies, must be taken into account (Sect. 3. 2. 4. 2). Here, the 
number of d electrons which can recombine with the 3s hole in the Auger 
process (Fig. 3.5b, (3.9b)) is higher in NiO and CoO than in MnO. Therefore 
the number of possible decay channels exceeds that in MnO, and this seems 
to be of relevance for the appearance of the stronger resonance in NiO and 
CoO. 

In our measurements on NiO a third resonance is observed at « 30 eV 
primary energy. This resonance is explicitly demonstrated in Fig. 5.8, where 
further spin-integrated NiO spectra for a primary-energy range of 25-40 eV 
are shown. The resonant energy corresponds to a broad, weak structure be- 
tween 27-31 eV in the energy-loss spectra [63, p. 72], [64] (Fig. 5.7), which is 
attributed to 0 2s-Ni4s excitations [64, pp. 69ff.] on the basis of the inter- 
pretation of bremsstrahlung isochromat spectra with the aid by calculations 
of Hugel and Belkhir [87] and the results of photoemission measurements 
by Wertheim and Hiifner [211]. A corresponding resonance is not observed in 
CoO and MnO, but this might be a consequence of the limited primary-energy 
range. In contrast to NiO, where primary-energy-dependent measurements 
were possible down to 20 eV, the measurements on CoO and MnO could not 
be extended to primary energies lower than 30 eV and 28 eV, respectively, ow- 
ing to insufficient conductivity of the single crystals for incident electrons of 
lower energy (Sect. 4.1.4). Probably, 0 2s-Co4s and 0 2s-Mn4s excitations 
and the corresponding resonances occur at primary energies less than 30 eV; 
energy-loss peaks assigned to excitations involving transition-metal initial or 
final states are often expected to exhibit a shift of a few electron volts towards 
lower energy on going from NiO to MnO [124]. 

5.2.2 Other Correlations Between d d Excitations 
and Transitions Across the Optical Gap? 

The dipole-allowed TM3p-TM3d excitations appear as relatively sharp, 
distinct features in the energy-loss spectra of all transition-metal oxides 
[63, 98, 126], [64, p. 86ff.[, [184] (Figs. 5.6 and 5.7). They usually consist 
of several components owing to the different Russell-Saunders terms of the 
3p® 3d"+^ final states (see Sect. 5.6.1 for MnO). But no resonant behavior of 
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Fig. 5.8. NiO. Spin-integrated energy-loss spectra of the gap region, measured 
with primary energies between 25 and 40 eV in the specular scattering geometry. 
The spectra are normalized to the intensity at the minimum at 2 eV energy loss 



the d-d excitations is found at the 3p-3d excitation threshold (Figs. 5.5 and 
5.6). In photoemission, on the other hand, a resonant enhancement of sev- 
eral valence-band structures of the transition-metal oxides is observed at this 
threshold [60, 105, 113, 126, 178, 196]. But these resonances are rather weak 
[198]. In CuO, for example, the resonances observed at the 2p threshold are 
found to exceed those of the 3p threshold by two orders of magnitude [198]. 
Resonant photoemission experiments are therefore often performed at the 2p 
threshold [200, p. 27 and pp. 55ff.]. 

It is not clear why the 3p-3d resonance is completely missing in the 
energy-loss spectra. A reason why it could be expected to be weaker than 
the 3s-3d resonance in EELS might be the fact that 3d-3p transitions are 
dipole-allowed and the expected 3p® 3d”+^ compound state could decay by 
photon emission. An increased probability of radiative recombinations might 
lead to a decreased probability of Auger processes in the decay of the com- 
pound state. Then the number of emitted electrons would not be enhanced or 
would only be slightly enhanced, and a resonant behavior of the d-d excita- 
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tion energy-loss peaks would not be observed. The 3d-3s transition required 
in the decay of the 3s^3d"’+^ compound state, on the contrary ((3.9b) and 
Fig. 3.5b), is dipole-forbidden, and deexcitation of the compound state might 
preferentially occur by an Auger process, leading to the observed resonance 
at the 3s-3d threshold. 

In MnO another, different correlation between d-d transitions and the 
Mn 3p-Mn 3d excitation seems to exist. The spin-integrated spectra (Fig. 5.4) 
show a striking primary-energy-dependent change in the peak ratio of the 
dominant d-d transition peaks at 2.82 eV and 3.31 eV excitation energy, 
which is not observed for d-d excitations of NiO or CoO (Figs. 5.2, 5.3, 5.8). 
This change seems in fact to be correlated with the Mn3p-Mn3d thresh- 
old (Fig. 5.9): when the Mn3p-Mn3d threshold is reached, the intensity of 
the 3.31 eV energy loss, which is assigned to the ®Aig ('^D) excita- 

tion (Sect. 5.5.2, Table 5.1) starts to increase and reaches a maximum at 
w 10 eV above the Mn3p-Mn3d threshold. In contrast, the energy-loss peak 
assigned to the ®Aig — > "^Aig, ^Eg ("^G) excitations (2.82 eV, Sect. 5.5.2, 
Table 5.1), which is the dominant energy-loss structure in the spectra 
recorded with 36 eV primary energy (Fig. 5.4), remains weak (Fig. 5.6a) and 
is hardly observable in the spectra obtained in this primary-energy range 
(Fig. 5.4, Eg = 54 eV). The different behavior of these d-d excitations is 
clearly visible in Fig. 5.9b, where the ratio of their loss intensities is plotted:® 
at the O 2p-0 3p resonance at 28-40 eV primary energy, the ratio of the exci- 
tation peaks is low, owing to a weaker resonant behavior of the ®Aig — > ^T 2 g 
("‘D) excitation, and increases drastically at the Mn 3p-Mn 3d threshold, ow- 
ing to the prevalence of this excitation in this energy range (see Fig. 5.4, and 
also compare Fig. 5.6a with Fig. 5.9a). The peak ratio remains high up to 
~15eV above threshold. Then it decreases strongly and reaches the value 
observed at the Mn3p-Mn3d threshold around 75 eV primary energy again. 
Towards higher energies it varies slowly. No distinct structures are observed 
at the Mn3s-Mn3d threshold, where the resonant behavior of both of the 
d-d excitations is found to be very weak (Figs. 5.6a and 5.9a). In earlier 
semi-angle-integrated electron energy- loss measurements, an increase of the 
peak ratio at the Mn3p-Mn3d threshold was also indicated but the ratio 
remained high and decreased slowly towards higher primary energy [98]. 

The origin of the differences in the d-d excitation cross sections, leading 
to the different strengths of the 0 2p-0 3p resonance for the ®Aig ^ “^Aig, 
^Eg (^G) and ®Aig ^ ^T 2 g ('^D) excitations and the different behavior at 
the Mn3p-Mn3d threshold, is not yet clear. It might be owing to differences 
in the interactions between different excited final states of the 3d crystal- 

® The intensity attributed to excitations across the optical gap increases strongly 
with increasing energy loss and gives a higher contribution to the energy-loss 
intensity at 3.31 eV than at 2.82 eV. Therefore, the energy-loss spectra have been 
fitted according to a procedure described in Sect. 5.5.2 (see Fig. 5.28) to obtain 
the intensities of the d-d excitations and gap transitions separately. In Fig. 5.9b, 
the intensity ratio of the fitted d-d excitation peaks is plotted. 
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Fig. 5.9. MnO. Primary-energy dependence of (a) the normalized intensity at 
3.31 eV energy loss (®Aig — > ^T 2 g (“^D) excitation) and (b) the intensity ratio of this 
peak to the 2.82eV energy loss (®Aig — > ^Aig, "^Eg (“*0) excitations), (c) Energy- 
loss spectrum, measured in the specular scattering geometry with 130 eV primary 
energy (as in Fig. 5.6b). The arrows denote the onset of the Mn 3p-Mn 3d excitation 



field multiplet and the intermediate compound state, as previously assumed 
by Jeng and Henrich [98] for the behavior at the Mn3p-Mn3d threshold. 
Calculations of such interactions do not exist, but it seems to be clear now 
that the crystal-field final state is of great influence on the excitation cross 
sections in EELS of transition-metal oxides. Recent calculations [130] of the 
spin-flip and nonfiip differential cross sections of d-d transitions with final 
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states of different symmetry in NiO (^A 2 g — *■ ^Tig, ^Tig and ^A 2 g ^ ^Aig) 
show strong symmetry-dependent differences (see Sect. 3. 2. 3. 2). Interactions 
with transitions across the optical gap are not taken into account in these cal- 
culations. However, the different final-state symmetries of the ®Aig ^ “^Aig, 
^Eg (^G) and ®Aig ^ ^T 2 g (^D) excitations in MnO might also be relevant 
to the different behavior of the corresponding energy-loss peaks (2.82 eV and 
3.31 eV) at the Mn3p-Mn3d threshold and at the 0 2p-0 3p resonance. 

Also, an influence of the angular momentum is imaginable: the weaker 
energy-loss structure at 2.13 eV, which is assigned to a ®Aig - "Tig (4G) 
excitation (Sect. 5.5.2, Table 5.1), shows a primary-energy dependence similar 
to that of the 2.82 eV transition. The 2.13 eV excitation is hardly visible when 
the intensity of the 2.82 eV excitation is low but it increases strongly when 
the 2.82 eV peak increases in intensity (Fig. 5.4). Both of these energy-loss 
peaks are attributed to excitations into final states arising from d® terms 
of free ions (Table 2.2) with identical angular momentum (^G), whereas the 
excitation with different behavior (3.31 eV) arises from a term. 

From the measurements on MnO it is not possible to decide whether the 
symmetry or the angular momentum of the final states causes the differences, 
because all other d-d excitations with a corresponding symmetry or angular 
momentum are very weak or superposed on the strong excitations across the 
optical gap. But the measurements on GoO suggest that it is in fact the 
symmetry of the final state which is responsible for the different strengths of 
the resonances. Here, transitions into final states split from the same Russell- 
Saimders term of the free d^ configuration (^F) but with different symmetry 
in the crystal field (^Tig ^ "T 2 g and ^Tig ^ "A 2 g, with 0.81 and 2eV 
excitation energy) also exhibit differences in the strengths of the O 2p-0 3p 
and Go3s-Go3d resonances. Interactions at the Go3p-Go3d threshold are 
not observed. 

5.2.3 Spin-Resolved Measurements 

5. 2. 3.1 Spin-Resolved Energy-Loss Spectra in Resonance. Spin-re- 
solved energy-loss spectra of the whole gap region of the transition-metal 
oxides were measured at resonant primary energies in the specular scattering 
geometry. Only under these experimental conditions are the counting rates 
of the backscattered electrons in the Mott detector, needed for spin-resolved 
measurements (Sect. 4.1.6), high enough to obtain complete spectra of the 
gap region with sufficient statistical accuracy in a reasonably short time. Such 
spectra of MnO and GoO are presented in the upper parts of Figs. 5.10 and 
5.11. The corresponding polarization Pg of the scattered electrons, normalized 
to the polarization Pq of the incident electrons, is given in the lower parts of 
the figures. The data acquisition time needed for the spectra of Figs. 5.10 and 
5.11 was « 14-20h and therefore short enough to neglect changes in surface 
conditions during the measurement owing to contamination or damage by 
electron impact (see Sect. 4.2). Off resonance and in off-specular scattering 
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Fig. 5.10. MnO. Spin-resolved energy- loss spectra of the gap region, measured in 
the specular scattering geometry in resonance at 36 and 85 eV primary energy, (a), 
(c) spin-integrated intensity I{AE) (•), spin-flip intensity F{AE) (■), and nonflip 
intensity N{AE) (o); (b), (d) normalized polarization Ps/Pq. The d-d excitations 
are labeled with capital letters (A-G) in (d) 



geometries (Sect, i.1.5) the counting rates were very low® and it was im- 
possible to achieve complete spin-resolved spectra without repeated surface 
preparation during the measurement, i.e. sputtering of the MnO surface or 
change of the surface area exposed to the electron beam in the case of CoO 
(Sects. 4.2.2, r.2.3). 

A spin-resolved spectrum of NiO, measured at the 100 eV resonant pri- 
mary energy, is shown in Fig. 5.12. In contrast to the conditions for CoO and 

® The weak intensity of the energy-loss peaks assigned to d-d excitations at off- 
resonant primary energies can be inferred from Figs. 5. 3-5. 6. The intensity 
decrease in scattering geometries other than specular is discussed in detail in 
Sect. 5.3. 
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Fig. 5.11. CoO. Spin-resolved energy-loss spectrum of the gap region, measured 
in the specular scattering geometry in resonance at 38 eV primary energy, (a) spin- 
integrated intensity I{AE) (•), spin-flip intensity F{AE) (■), and nonfiip intensity 
N{AE) (o); (b) normalized polarization Ps/Pq. The d-d excitations are labeled 
with capital letters (A-H) in (b) 



MnO, it was impossible to achieve complete spin-resolved spectra of good 
accuracy with a freshly cleaved NiO surface or after a single sputtering pro- 
cess, owing to lower counting rates and an enhanced sensitivity of the freshly 
cleaved NiO surface to damage by electron impact (Sect. 4.2.1). Whereas the 
spin-integrated intensity I (Fig. 5.12a) was measured after one single sput- 
tering process, the polarization curve was measured step by step over some 
weeks, with sputtering of the surface every second or third day. Each data 
point of the polarization curve of Fig. 5.12b is the average of several mea- 
surements, obtained on different days after different sputtering processes. The 
polarization values were found to coincide within the limits of the statistical 
error when the surface was well prepared. 
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Fig. 5.12. NiO. Spin-resolved energy-loss spectrum of the gap region, measured in 
the specular scattering geometry in resonance at 100 eV primary energy, (a) spin- 
integrated intensity I{AE) (•), spinflip intensity F{AE) (■), and nonflip intensity 
N{AE) (o); the intensities are normalized to the intensity of the elastically scat- 
tered electrons. Above AE = 0.4 eV, I, N, and E are scaled by a factor of 50. 
(b) normalized polarization Pa/Po 



As can be inferred from Figs. 5.10 and 5.11, all d~d excitation peaks of 
MnO and CoO are clearly reflected in the polarization curves (minima A-G in 
Fig. 5.10d and A-H in Fig. 5.11b). Owing to the large change in polarization 
in the scattering process, all d-d excitations occur in the spin- flip intensity 
{F in Figs. 5.10a,c and 5.11a), indicating a high contribution of spin-flip 
exchange processes in the quartet-doublet and quartet-quartet transitions 
in CoO and in all multiplicity-changing transitions in MnO. The aforemen- 
tioned importance and advantage of resonant spin-resolved measurements for 
the identification of d-d excitations and the determination of their excitation 
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energies (Sect. 5.1) can be seen in these spectra: the weaker d-d excitations, 
which are superposed on the strong dipole-allowed excitations across the op- 
tical gap, are clearly visible in the spin-flip intensity and in the polarization 
(F and G in Fig. S.lOd, F-H in Fig. 5.11b). Also, weak d-d excitations (B and 
E in Fig. 5.10d; C in Fig. 5.11b), which are invisible in the spin-integrated 
spectra owing to their superposition on very intense d-d excitations, can be 
resolved in the spin-flip intensity and the polarization curve. Details of the 
assignment of the energy-loss peaks to the d-d excitations and the determi- 
nation of the d-d excitation energies are discussed in Sect. 5.5.2 and 5.5.3. 

The elastically scattered electrons contribute to the nonflip intensity ex- 
clusively. This is clearly visible in the energy-loss spectrum of NiO (Fig. 5.12), 
where the spin-resolved measurements have been extended to excitations 
across the gap and to the elastically scattered electrons: the polarizations 
of the elastically scattered and primary electrons are equal {Ps{0)/Pq = 1, 
Fig. 5.12b); N and I are indistinguishable near AE = 0. In the CoO spectrum 
(Fig. 5.11), this behavior is also indicated; the flank of the peak of elastically 
scattered electrons appears in the nonflip intensity only; Ps{AE) / P q — > 1 as 
AE —y 0.^ In our experimental setup the primary electron beam is trans- 
versely polarized, perpendicular to the scattering plane in any scattering 
geometry (Sects. 4.1.1, 4.1.5). For such scattering conditions, spin-orbit in- 
teraction is expected to alter the magnitude of the polarization vector (but 
not its direction) in the scattering process, except for particular scattering 
angles where the Sherman function might be zero [102, pp. 42ff.]. The ab- 
sence of a change in the polarization of the elastically scattered electrons 
might therefore be indicative of a negligible spin-orbit interaction between 
the scattered electrons and the oxide targets. This is expected for the 3d 
transition-metal oxides, which consist of elements with low atomic number Z 
only, owing to the Z dependence of the spin-orbit interaction. 

In the strongly increasing intensity attributed to the dipole-allowed tran- 
sitions across the optical gap, nonflip excitations also prevail; most scattered 
electrons are found in the nonflip intensity, and the spin-flip intensity is small 
(Fig. 5.12, for NiO). In the CoO and MnO spectra, where the energy-loss 
range is limited to the gap region (Figs. 5.10 and 5.11), the prevalence of 
nonflip processes in the excitation of the gap transitions is indicated by the 
strong increase of the nonflip intensity and the normalized polarization Pg / Pq 
towards higher energy loss. The high nonflip intensity is indicative of a large 
amount of direct scattering processes in the excitation of the gap transitions, 
i.e. direct impact scattering (Sect. 3.2.3) and, especially, dipole scattering, 
which is not accompanied by electron exchange at all (Sect. 3.2.2) and is 

^ The exclusive contribution of the elastically scattered electrons to the nonflip 
intensity was found for all oxides investigated here, independent of primary en- 
ergy and scattering geometry. This can be seen, for example, by comparison of 
the NiO spectrum of Fig. 5.12 {Eq = 100 eV), measured in the specular scatter- 
ing geometry, with a spectrum published earlier, measured 20° off specular with 
20 eV primary energy [50] . 
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usually found to be the dominant scattering mechanism in the excitation of 
dipole-allowed excitations in the specular scattering geometry (Sect. 3.3.2). 

5. 2. 3. 2 Primary-Energy Dependent, Spin-Resolved Measurements 
of the Dominant d— d Excitations. In Fig. 5.13, the primary-energy de- 
pendence of the normalized polarization in the three most intense energy-loss 
peaks of NiO, CoO, and MnO is shown for the specular scattering geometry. 
These are the 1.58 eV energy loss in NiO, which is attributed to the ^A 2 g 
^ ^Tig, ^Eg (^F, ^D) excitations (Sect. 5.5.4, Table 5.3), the 2.0 eV energy 
loss in CoO ("^T 2 g — > ^A 2 g (^F) excitation. Sect. 5.5.3, Table 5.2) and the 
®Aig ^ ^Aig, “^Eg (^G) transitions with 2.82 eV excitation energy in MnO 
(Sect. 5.5.2, Table 5.1). 

Such primary-energy-dependent spin-resolved measurements could be 
performed for the dominant energy-loss peaks only: as can be inferred from 
Figs. 5. 2-5. 4, weak d-d excitations are not observable at off-resonant pri- 
mary energies. But even for the excitations of the highest intensity, the 
data acquisition time needed to accumulate enough counts for significant 
statistics in the polarization measurements was very long (Sect. 4.2.1). In 
the NiO curve (Fig. 5.13a), each data point took about 10-20 h measuring 
time. Thus, such measurements were possible on sputtered NiO surfaces only 
(Sect. 4.2.1). For the CoO crystals the counting rates were higher, and the 
CoO curve (Fig. 5.13b) could be obtained from an in-situ-cleaved crystal in 
« 2-3 weeks. The surface area exposed to the electron beam was changed 
several times during the measurements, owing to surface damage by electron 
impact (Sect. 4.2.2). For MnO, where all measurements were performed on 
a sputtered surface owing to the poorer cleavage behavior (Sect. 4.2.3), the 
counting rates were comparable to those of cleaved CoO. 

The d-d excitations of NiO and CoO investigated (Figs. 5.13a,b) exhibit 
a corresponding primary-energy dependence of the polarization: over wide 
primary-energy ranges, i.e. off resonance (Sect. 5.2.1), the polarization of the 
specularly scattered electrons deviates only slightly from that of the incident 
electrons; Ps/Po ~ 0.8. However, in resonance (30 eV, 38 eV, and 102 eV for 
NiO; 38 eV and 95 eV for CoO), a strong change in polarization is observed, 
indicating a high contribution of spin-flip exchange processes (3.10) even in 
the specular scattering geometry. In contrast, in MnO the polarization of the 
scattered electrons is low over the whole primary-energy range and deviates 
strongly from that of the incident electrons {Pg/Po ^ !)• The polarization 
difference in and off resonance is less marked than in NiO and CoO. The 
primary-energy dependence of the normalized polarization and the differences 
between MnO and the two other oxides (Fig. 5.13) can be understood only 
by means of spin-resolved scattering-geometry-dependent measurements. The 
interpretation of Fig. 5.13 is therefore discussed in the next section, together 
with these measurements. 

The correspondence of the resonant primary energies of the O 2p-0 3p 
resonance in the three oxides, indicated by the decrease in polarization around 
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Fig. 5.13. Primary-energy dependence of the normalized polarization in the domi- 
nant d-d excitation peaks, measured in the specular scattering geometry: (a) NiO, 
(b) CoO, (c) MnO. The dashed line indicates the 3s-3d resonant primary energy 
in NiO. The arrows denote the TM3s-3d resonances in CoO and MnO. The shift 
related to the reduction of the 3s binding energy is clearly visible 



36-38 eV, and the shift of the resonant energies of the 3s-3d resonance, in 
accordance with the decrease in the TM3s binding energies from Ni to Mn, 
is clearly visible in Fig. 5.13. 
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5.3 Scattering-Geometry Dependence 

5.3.1 Bulk d d Excitations 

5. 3. 1.1 Introductory Summary. Scattering-geometry-dependent spin-in- 
tegrated energy-loss spectra of the gap region have been measured on NiO, 
CoO, and MnO for selected primary energies in and off resonance. The 
scattering-geometry dependence of the dominant, intense d-d excitation 
peaks, with excitation energies of 1.58 eV in NiO, 0.81 eV and 2eV in CoO, 
and 2.82eV in MnO (Figs. 5. 1-5.4), has been investigated with spin reso- 
lution additionally. These energy-loss peaks appear near the middle of the 
optical gap and are therefore hardly superposed on excitations across the 
optical gap or on the flank of the peak of elastically scattered electrons. 
The combination of both spin- and scattering-geometry-dependent measure- 
ments can be used to distinguish between excitation by dipole scattering 
(Sect. 3.2.2) and electron-exchange scattering (Sect. 3. 2. 3. 2); in resonance, 
both multiplicity-changing and multiplicity-conserving d-d transitions are 
found to be exchange-dominated in any scattering geometry. Off resonance, 
the electron-exchange scattering, which is still present, is superposed on 
strong nonflip dipole scattering, which is confined to a small dipolar-lobe- 
like feature around the specular scattering geometry (Sect. 3.2.2), if slightly 
allowed multiplicity-conserving d-d transitions of NiO and CoO are excited 
in the scattering process. Dipole scattering is found to be nearly completely 
missing in the strongly dipole-forbidden sextet-quartet excitations of MnO. 

5. 3. 1.2 Multiplicity- Conserving Transitions in CoO and NiO. The 

scattering-geometry dependence of the bulk d-d excitations is excellently 
illustrated by three-dimensional plots (Fig. 5.14 for CoO) where the spin- 
integrated intensity is plotted against the energy loss and the angle of rotation 
6. As previously stated in Sect. 1.1.5, the incidence and detection angles are 
given by 9i = 45° -I- 6 and 9^ = 45° — 6. The specular scattering geometry 
corresponds to 5 = 0°. A selection of the spectra contributing to Fig. 5.14 
is given explicitly in Fig. 5.30 (Sect. 5.5.3). A 3D plot for NiO (Fig. 5.24) is 
discussed in Sect. 5. 3. 2. 2 together with the surface d-d excitations; 3D plots 
for MnO are shown in Fig. 5.20 (Sect. 5. 3. 1.3). 

As can be inferred from Fig. 5.14 for CoO, the scattering-geometry depen- 
dence of the d-d excitation energy-loss peaks is completely different in and off 
resonance. The differences are clearly visible for the intense d-d transitions 
with 2eV and 0.81 eV excitation energy (arrows in Fig. 5.14), which are the 
only d-d excitations clearly visible in energy-loss spectra of CoO measured 
at off-resonant primary energies (Fig. 5.3). In resonance (38 eV and 95 eV 
primary energy. Fig. 5.14a,c), the spin-integrated intensities of the d-d exci- 
tations are very high in the specular scattering geometry and decrease slowly 
when the sample is rotated. Off resonance (60 eV primary energy. Fig. 5.14b), 
the weaker spin-integrated intensity also reaches a maximum in the specular 
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Fig. 5.14 a— c. 3D plots for CoO. The spin-integrated intensity is plotted versus 
the energy loss and the rotation angle <5 of the sample. 9i = 45° -|- <5, 0d = 45° — 5. 
The curves for different primary energies are scaled in such a way that the different 
scattering-geometry dependences in and off resonance are clearly visible 



scattering geometry, but decreases dramatically towards off-specular scatter- 
ing geometries. The origin of this different behavior can be understood from 
the spin-resolved scattering-geometry-dependent measurements at 2eV and 
0.81 eV energy loss (Figs. 5.15-5.17): not only the spin-integrated intensity 
(/), but also the spin-flip intensity (F), as well as the nonffip intensity (iV) 
and the normalized polarization Pg/Po, are found to be completely different 
in and off resonance. 
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Fig. 5.15. CoO. Scattering-geometry dependence of spin-integrated intensity 
I(AE) (•), spin-flip intensity F{AE) (■) and nonflip intensity N{AE) (o) at 2eV 
energy loss ("^Tig — > ^A 2 g (^F) excitation), (a), (c) in resonance, (b) off resonance. 
S is the rotation angle of the sample; 9i = 45° -I- <5, = 45° — S 



The dramatic intensity decrease at off-resonant primary energies (see 
Fig. 5.14b) is confined to the nonfiip part of the spectra only (Figs. 5.15b and 
5.16b). The strongly decreasing nonfiip intensity is superposed on a slowly 
varying, nearly isotropically distributed spin-flip intensity. Obviously, a high 
contribution of dipole-scattering events, which are expected to occur in the 
nonfiip intensity only (Sect. 3.3.2) and to be distributed in a narrow dipolar 
lobe around the specular scattering geometry (Sect. 3.2.2, (3.8), Figs. 3.1 
and 3.3)®, is superposed on exchange-scattering processes with a wide an- 

® The estimates leading to the very narrow dipolar-lobe shape of the differential 
scattering cross section in dielectric dipole-scattering theory ((3.8), Fig. 3.3) are 
strictly valid in the limit of the nearly negligible energy and momentum transfer 
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Fig. 5.16. CoO. Scattering-geometry dependence of spin-integrated intensity 
I{AE) (•), spin- flip intensity F{AE) (■) and nonflip intensity N{AE) (o) at 0.81 eV 
energy loss (“*Tig ^ ”^T 2 g ("^F) excitation), (a) in resonance, (b) off resonance. 5 is 
the rotation angle of the sample, 9i — 45° + 5, Od = 45° — S 



gular spread, represented by the spin-flip intensity. As already pointed out 
in Sect. 3.2.3, exchange scattering, as a special case of impact scattering, is 
often found to depend weakly on the scattering geometry. For the dominant 
d“d excitation of NiO (1.58 eV), an equivalent behavior is observed off res- 
onance, as illustrated in Fig. 5.18b for 80 eV primary energy. Here also, a 
high nonflip intensity, concentrated in a dipolar-lobe-like feature around the 
specular scattering geometry, is superimposed on a spin-flip intensity which 
is nearly independent of the scattering geometry. 

The prevailing nonflip intensity arising from dipole-scattering events 
(Figs. 5.15b, 5.16b, 5.18b) is responsible for the nearly identical polariza- 
tions of the scattered and incident electrons {Ps/Pq « 0.8) observed in the 
specular scattering geometry for NiO and CoO off resonance (Sect. 5. 2. 3. 2, 
Fig. 5.13a,b). In accordance with the strong decrease of the nonflip intensity 
outside the dipolar lobe and the more isotropically distributed exchange scat- 
tering processes, resulting in barely varying spin-flip and nonflip intensities in 
off-specular scattering geometries, the polarization of the scattered electrons 
Ps decreases strongly if the sample is rotated (Figs. 5.17b and 5.19b). 

In resonance, the scattering-geometry dependence of the intensity and 
polarization of the electrons scattered with 0.81 eV and 2 eV energy loss from 

that occur in high-energy transmission EELS. But, as pointed out in Sect. :».2.2, 
the confinement of the dipole-scattered electrons in a narrow lobe around the 
specular scattering geometry is often also found in low-energy EELS. This is 
the case for the d-d excitations here. Even for relatively low primary energies of 
60-80 eV, a dipolar-lobe-like distribution of the electrons scattered with 0.8-2 eV 
energy loss appears, but with a larger FWHM than that predicted by (3.8). 
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Fig. 5.17. CoO. Scattering- geometry dependence of the normalized polarization of 
the scattered electrons at 2eV energy loss (^Tig — > ^A2g (“^F) excitation), (a), (c) 
in resonance, (b) off resonance. S is the rotation angle of the sample, = 45° -I- 5, 
6id = 45° - 5 



CoO and 1.58 eV energy loss from NiO deviates strongly from that observed 
off resonance (Figs. 5.15-5.19). The spin-integrated, spin-flip, and nonflip 
intensities decrease slowly and in proportion when the sample is rotated to- 
wards off-specular scattering geometries. The spin-flip intensity is high and 
the ratio of the nonflip to the spin- flip intensity N/F is constant [55]. Ob- 
viously, the intensity enhancement in resonance is confined to the exchange- 
scattering processes with a wide angular spread, exclusively. In contrast to 
the conditions at off-resonant primary energies, where the relatively weak in- 
tensity of scattered electrons mainly arises from direct dipole scattering, the 
contribution of dipole-scattering processes to the total scattering intensity is 
negligible in resonance. A dipolar-lobe-like nonflip feature is not observed, 
and the angular distribution of the scattered electrons is totally determined 
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Fig. 5.18. NiO. Scattering-geometry dependence of spin-integrated intensity 
I(AE) (•), spin-flip intensity F{AE) (■), and nonflip intensity N{AE) (o) at 
1.58 eV energy loss (^A 2 g ^ ^Tig, ^Eg (^F, ^D) excitation), (a) in resonance, freshly 
cleaved crystal; (b) off resonance, sputtered surface; (c) in resonance, sputtered sur- 
face; S is the rotation angle of the sample, 8i = 45° + S, Od = 45° — S 



by exchange scattering. This can be understood from the considerations in 
Sect. 3.2: excitations by the dipole-scattering mechanism occur far above the 
target surface (Sect. 3.2.2), where the electron cannot be captured into the 
target and formation of a compound state is impossible. On the other hand, 
the probability of exchange processes, which require the close approach of 
the incoming electron to the target surface (Sect. 3.2.3), can be expected to 
be strongly enhanced if the electron is temporarily bound to a target atom 
or ion, forming a resonant compound state (Sect. 3. 2. 4. 2). This is obviously 
observed here. 

Owing to the high spin-flip intensity and the constant ratio of nonflip to 
flip intensity [oo], the scattered electrons are highly depolarized in resonance. 
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Fig. 5.19. NiO. Scattering-geometry dependence of the normalized polarization of 
the scattered electrons at 1.58 eV energy loss (^A 2 g — > ^Tig, ^Eg (®F, ^D) excita- 
tion). (a) in resonance, freshly cleaved crystal; (b) off resonance, sputtered surface; 
(c) in resonance, sputtered surface. <5 is the rotation angle of the sample, 9i = 45° -1-5, 
0d = 45° - 5 



independent of the scattering geometry (Figs. 5.13b and 5.17a,c for CoO, 
Figs. 5.13a and 5.19a,c for NiO). 

The existence of large contributions from dipole-scattering events to the 
excitation of the 0.81 eV and 2eV d-d transitions of CoO (Figs. 5.16b and 
5.15b), respectively and the 1.58eV transition of NiO (Fig. 5.18b), shown by 
the distinct dipolar-lobe-like feature in the nonflip intensity at off-resonant 
primary energies, indicates nonvanishing dipole matrix elements for these 
transitions. This leads to the assumption that these transitions are dom- 
inantly of the multiplicity-conserving type, which become slightly allowed 
in the crystal field owing to the relaxation of the parity selection rule 
(Sect. 2.3.2). In fact, nearly no excitations by nonflip dipole-scattering pro- 
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cesses are observed in the case of the multiplicity-changing d~d transitions 
of MnO (Sect. 5. 3. 1.3). In multiplicity-changing f-f transitions of ions 
in europiumoxide also, no indications of excitation by dipole-scattering pro- 
cesses are found, as was recently shown [57]. We assign the 0.81 eV energy loss 
of CoO to the “^Tig — > ^T 2 g (^F) transition, in accordance with all other pub- 
lished assignments (Sect. 5.5.3, Table 5.2), and the 2eV energy loss, which is 
a subject of controversy in the literature (Sect. 5.5.3, Table 5.2), to the "Tig 
^ (^F) excitation. The 1.58eV energy loss of NiO, which is believed 

to consist of two close-lying d-d transitions, the ^A 2 g — *■ ^Tig (^F) and the 
^A 2 g ^ ^Eg (^D) excitations (Sect. 5.5.4, Table 5.4), is clearly dominated 
by the slightly allowed ^A 2 g ^ ^Tig transition, as can be inferred from the 
considerations above. 

Calculations of the impact-scattering cross section [130], valid for off- 
resonant primary energies, predict the prevalence of nonflip processes {N/F > 
1) in the excitation of multiplicity-conserving transitions in NiO (Sect. 3.3.3). 
This is in fact observed in our spin-resolved spectra measured off resonance 
(Figs. 5.15b, 5.16b, 5.18b): in scattering geometries far off specular, where 
dipole scattering is negligible and impact and exchange scattering predomi- 
nate (Sects. 3.2.2, 3.2.3), the nonflip intensity is always found to exceed the 
spin- flip intensity for the multiplicity-conserving transitions in NiO and CoO 
investigated. 

Recent scattering-geometry-dependent electron energy-loss measurements 
with unpolarized electrons on NiO/Ni(001) and NiO/Ag(001) films show that 
the intensity of the 1.58 eV excitation (^A 2 g — *■ ^Tig (^F), ^Eg (^D)) not 
only is high in the specular scattering geometry, but is also modulated by 
reciprocal-lattice vectors like the intensity of the elastically scattered elec- 
trons - elastically and inelastically (with 1.58 eV energy loss) scattered elec- 
trons exhibit similar FEED spots® [139]. It was concluded that the dipole- 
scattering amplitude is high not only in the dipolar lobe (Sect. 3.2.2) around 
the specular scattering geometry (which corresponds to the (00) reflection), 
but also near all other FEED spots and therefore reflects the crystal struc- 
ture. A further weak intensity modulation was found outside the FEED spots. 
This is attributed to exchange-scattering processes in the excitation of the 
^A 2 g — *■ ®Tig (^F), ^Eg (^D) transition. 

5. 3. 1.3 Multiplicity-Changing Transitions. In contrast to the behavior 
of the multiplicity-conserving d-d excitations of NiO and CoO considered 
above, the scattering-geometry dependence of the multiplicity-changing d-d 
excitation intensities of MnO differs only slightly in and off resonance. This is 
illustrated in the 3D plots for MnO (Fig. 5.20) and explicitly shown in spin- 
resolved measurements of the spin-forbidden ®Aig ^ ^Aig, "^Eg ("‘G) tran- 

® In these measurements, performed with a 33 eV primary energy and 124° scat- 
tering angle {6i + 0d = 56°), not only the polar incident and detection angles 
Oi and 6d (Sect. 4.1.5) are varied, but also the azimuthal angle. This provides 
“intensity maps” corresponding to FEED patterns. 
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Fig. 5.20 a, b. 3D plots for MnO. The spin-integrated intensity is plotted versus 
the energy loss and the rotation angle S of the sample; 9i — 45° -I- 5, 0d = 45° — S 



sitions with 2.82 eV excitation energy (Fig. 5.21). A selection of the spectra 
contributing to Fig. 5.21b is shown in Fig. 5.22. 

In resonance (Figs. 5.20a and 5.21a,c), the spin-integrated intensity and 
the spin-flip and nonflip intensities show a scattering-geometry dependence 
identical to that observed for the multiplicity-conserving d-d excitations of 
CoO and NiO (Sect. 5. 3. 1.2, Figs. 5.15a,c, 5.16a, and 5.18a,c). The scatter- 
ing process is completely determined by electron exchange in any scattering 
geometry; the scattered electrons have a wide angular spread and the inten- 
sities increase in proportion towards the specular scattering geometry. The 
ratio of the spin-flip to the nonflip intensity is independent of the scattering 
geometry [55] . The polarization of the scattered electrons is low and also in- 
dependent of the scattering geometry. Off resonance (Fig. 5.20b and 5.21b,d), 
the intensities show nearly the same scattering-geometry dependence as in 
the exchange-dominated resonance case. The spin-flip intensity is also high 
in the specular scattering geometry. Small-angle nonflip dipole scattering 
seems to be nearly completely missing, as expected for the spin- and parity- 
forbidden multiplicity-changing transitions, which remain forbidden even in 
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Fig. 5.21. MnO. Scattering- geometry dependence of spin-integrated intensity 
I{AE) (•), spin-flip intensity F{AE) (■), and nonflip intensity N{AE) (o) at 
2.82 eV energy loss (®Aig ^ ^Aig, '^Eg (^G) excitations), (a), (c) in resonance, 
(b), (d) off resonance. 5 is the rotation angle of the sample; 9i = 45° -1-5, 9d = 45° — 5 



the crystal field of MnO. As a consequence of the high spin- flip intensity and 
the absence of nonflip dipole scattering at off-resonant primary energies, the 
polarization of the specularly scattered electrons differs only slightly in and 
off resonance (Fig. 5.13c). In contrast to NiO and CoO (Fig. 5.13a,b), the 
polarization in the specular scattering geometry is therefore also low at off- 
resonant primary energies and deviates strongly from that of the incoming 
electrons {Ps/Pq ^1). 

The scattering-geometry dependence of multiplicity-changing, strongly 
dipole-forbidden septet-quintet f-f transitions of ions in europiumoxide 
has been found recently to be very similar to that of the multiplicity-changing 
d-d excitations in MnO [57]. For these transitions, the spin-integrated, spin- 
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Fig. 5.22. MnO. Spin-integrated energy-loss spectra, measured off resonance with 
44 eV primary energy in different scattering geometries, (a) 5 = —10°; di = 35°, 
0d = 55°. (b) <5 = -5°; = 40° , 0d = 50°. (c) <5 = -2.5°; 0; = 42.5°, 6a = 47.5°. 

(d) S = 0°; = 0d = 45°; specular, (e) S = -h5°; = 50°, 6^ = 40°. (f) 5 = -fl0°; 

6i = 55°, 6i = 35° 



flip, and nonflip intensities also increase in proportion towards the specular 
scattering geometry - in and off resonance. Also, the polarizations of the 
scattered and incident electrons differ strongly over the whole primary-energy 
range between 20 and 160 eV investigated. 

Spin-resolved scattering-geometry-dependent measurements of the multi- 
plicity-changing d-d excitations of NiO and CoO have not been performed. 
The reason is that the multiplicity-changing transitions with low excitation 
energies (e.g. peak C in Fig. 5.11, see also Tables 5.2 and 5.3) cannot be sep- 
arated from the very intense multiplicity-conserving transitions. Those with 
higher excitation energies are superposed on the strong, increasing “back- 
ground” intensity arising from dipole-allowed transitions across the gap. At 
off-resonance primary energies {Eq < ~ 25 eV, ~ 45eV < Eq < ~ 90 eV, 
and Aq > ~ llOeV, Figs. 5.5 and 5.13), which are the interesting ones 
here because the differences in the scattering-geometry dependence between 
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multiplicity-changing and slightly allowed multiplicity-conserving transitions 
occur off resonance only, all transitions with more than ~2.5eV excitation 
energy in NiO and CoO are hardly observable or not observable at all, in 
particular in the specular scattering geometry (Figs. 5.2 and 5.3). Unlike the 
situation for the dominant multiplicity-conserving d-d excitations considered 
above (Sect. 5. 3. 1.2), it is very difficult here to obtain unambiguous intensity 
and polarization values, owing to the low signal-to-background ratio. 

Recently, Muller et al. [139] investigated the scattering-geometry depen- 
dence^° of the spin-integrated intensity of the 2.7eV energy-loss peak of NiO 
(^A2g ^ iTsg (1 D), ^Aig (^G) excitations. Sect. 5.5.4, Table 5.3). In the 
evaluation of their EEL spectra, obtained with unpolarized electrons of 33 eV 
primary energy and 124° scattering angle (see Sect. 5. 3. 1.2), the background 
owing to the increasing intensity of gap transitions was linearly extrapolated 
and subtracted. The “intensity map” of the 2.7 eV energy-loss peak, obtained 
by varying the polar as well as the azimuthal angle (Sect. 5.3. 1.2), is com- 
pletely different from that of the ^A 2 g ^ ^Tig, ^Eg excitation (1.58eV). The 
intensity is not modulated by reciprocal-lattice vectors as in the case of the 
^A 2 g ^ ^Tig, ^Eg excitation (Sect. 5. 3. 1.2), but seems to reflect the local, 
fourfold symmetry at the Ni sites. The differences are also attributed here to 
the different scattering-geometry dependences of exchange and dipole scat- 
tering, which are the relevant scattering mechanisms in the excitation of the 
strongly forbidden ^A 2 g — > ^T 2 g, ^Aig (2.7 eV) transitions and the slightly 
allowed, triplet-triplet-dominated ^A 2 g — > ^Tig, ^Eg (1.58 eV) transition, re- 
spectively. Differently from the behavior of the multiplicity-changing ®Aig 
^ ^Aig, ^Eg (2.82 eV) transitions in MnO measured by us, where the spin- 
integrated, spin-flip, and nonffip intensities reach their highest values in the 
specular scattering geometry (Figs. 5.20-5.22), Muller et al. find a relatively 
small spin-integrated intensity in the specular scattering geometry for the 
multiplicity-changing transition in NiO investigated. With the chosen exper- 
imental conditions and method of evaluation, the intensity is found to increase 
towards off-specular scattering geometries. 

5.3.2 Surface d d Excitations 

5. 3. 2.1 Introductory Summary. As already illustrated in Fig. 2.8 (see 
Sect. 2.3.3. 1), the transition-metal ions in the bulk and surface experience dif- 
ferent crystal fields. The symmetry is reduced at the surface owing to missing 
oxygen ions; the remaining degeneracy of the 3d states is further lifted, result- 
ing in a further splitting of the 3d states. A variety of states of the surface 3d 
crystal-field multiplet has been calculated for NiO and CoO assuming a C 4 „- 
symmetric crystal field at the surface [14, 73, 181] (Fig. 2.9). Experimentally, 

For the fixed incident angle of 45° and several scattering angles, they also mea- 
sured the scattering- angle dependence of the 2.7 eV energy-loss peak The results 
have already been discussed in Sect. 3. 2. 3. 2 (Fig. 3.4). 
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surface-ion d-d excitations can be identified by comparison of energy-loss 
spectra obtained from freshly cleaved oxide crystals or freshly prepared ox- 
ide films with spectra obtained from sputtered or adsorbate-covered samples 
(Sect. 2.3.3. 1). Before to our investigations reported below, only one d-d tran- 
sition, requiring 0.56 eV excitation energy, had been identified unambiguously 
as a surface excitation of NiO (^Big — > ^Eg (^T 2 g), Fig. 2.9, Table 5.4) by 
means of such comparative measurements [44, 65], [64, p. 103ff.]. For CoO, 
two surface d-d transitions, of 0.05 eV and 0.45 eV excitation energy, have 
been found, which are attributed to a "^A 2 g — *■ "‘Eg (^Tig) and a '‘A 2 g — *■ '‘B 2 g 
("‘T 2 g) excitation, respectively [73, 181] (Sect. 5.5.3). 

In our scattering-geometry-dependent spin-resolved electron energy-loss 
measurements, the surface and bulk d-d transitions of NiO are found to show 
completely different scattering-geometry dependences, providing a possibil- 
ity to distinguish between them (Sect. 5. 3. 2. 2). By means of such scattering- 
geometry-dependent measurements, it was possible to identify some weak 
excitations as surface d-d excitations in NiO. In addition to the well-known 
•^Big — > "^Eg (^T 2 g) transition with 0.56 eV excitation energy, which is the 
most striking surface d-d transition in energy-loss spectra of freshly cleaved 
NiO crystals (Fig. 5.23), an energy-loss structure around 2.13 eV was identi- 
fied as a surface excitation. A further surface d-d excitation has been found, 
which we assign to the ^Big — > '^A 2 g (^Tig) or ^Eg (’^Tig) transition (Fig. 2.9). 
The measured excitation energy of « 1.33 eV lies very close to the calculated 
values for those transitions [14] (Table 5.4). 

5. 3. 2. 2 Identification of Surface d d Excitations by Scattering- 
Geometry-Dependent SPEELS. Spin-integrated energy-loss spectra of 
the freshly cleaved NiO surface are shown in Fig. 5.23 for selected scattering 
geometries, recorded with incident electrons of the resonant primary energy 
Eo = 38 eV. In going from Fig. 5.23a (5 = -17.5°, 6»; = 27.5°, 6»d = 62.5°) 
to Fig. 5.23f (<5 = -1-8.5°, 6i = 53.5°, 6d = 36.5°), the sample is rotated 
to more grazing incidence angles and steeper detection angles. Figure 5.23d 
corresponds to the specular scattering geometry (J = 0°, 6>i = 0d = 45°). In 
addition to the bulk d-d excitations, which are also visible in spectra obtained 
from sputtered surfaces (Figs. 5.1a, 5.2, and 5.8), the 0.56 eV surface d-d ex- 
citation is clearly observable in any scattering geometry. Owing to changes in 
the surface stoichiometry caused by sputter-induced defects, the surface d-d 
excitations arising from the Cd^-symmetric crystal field are expected to van- 
ish after sputtering, as mentioned above, and in fact the 0.56 eV excitation is 
strongly quenched and only weakly indicated in the spectra from sputtered 
surfaces (Fig. 5.1a). 

As can be inferred from Fig. 5.23, the surface and bulk d-d excitations 
show completely different scattering-geometry dependences. This difference 
in behavior is clearly visible in the three-dimensional plot in Fig. 5.24, if 
one concentrates on the 1.58 eV bulk-ion excitations ('^A 2 g ^ ^Tig, ‘Eg (^F, 
‘D), Table 5.3, Fig. 2.7) and the 0.56 eV surface-ion excitation (^Big ^ '‘Eg 
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Fig. 5.23. NiO, freshly cleaved. Spin-integrated energy-loss spectra, obtained at 
38 eV primary energy in different scattering geometries, (a) S — —17.5°; 8i = 27.5°, 
0d = 62.5°. (b) 5 = -7.5°; = 37.5°, 6 ^ = 52.5°. (c) 5 = -2.5°; = 42.5°, 

6d = 47.5°. (d) 5 = 0°; = 6»d = 45°; specular, (e) S = -f2.5°; 0; = 47.5°, 

6d = 42.5°. (f) S = -b8.5°; 0; = 53.5°, 0d = 36.5° 



(^T 2 g), Table 5.4, Fig. 2.9), which are marked by arrows in Fig. 5.24. Whereas 
the 1.58 eV bulk excitation shows the intensity with a wide angular spread, 
increasing slowly and symmetrically towards the specular scattering geom- 
etry, which has been found to be typical for bulk d-d transitions of NiO, 
CoO, and MnO excited by incident electrons at resonance primary energies 
(Sects. 5. 3. 1.2, 5. 3. 1.3), the spin-integrated intensity of the 0.56 eV surface 
d-d excitation decreases dramatically within the very small angular range of 
±2° around the specular scattering geometry and increases slowly towards 
grazing detection angles again. No indication of any further ascent towards 
more grazing incidence and steeper detection angles {S > 0°) has been found. 

Here, as in the case of the bulk d-d excitations, spin-resolved scattering- 
geometry-dependent measurements of the 0.56 eV energy- loss peak are helpful 
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Fig. 5.24. 3D plot for NiO. The spin-integrated intensity is plotted versus the 
energy loss and the rotation angle S of the sample; 6i = 45° -I- 5, 6d = 45° — S. 
The ^A 2 g — > ^Tig, ^Eg (®F, ^D) bulk d-d excitations (1.58 eV) and the ®Big ^ 
^Eg (^T 2 g) surface d-d excitation (0.56 eV) are marked by arrows. Their different 
scattering-geometry dependences are clearly visible 



for clarification (Fig. 5.25a): the high intensity around the specular scatter- 
ing geometry must be attributed to excitation of the 0.56 eV surface d-d 
transition by dipole scattering, because this intensity is undoubtedly dis- 
tributed in a narrow nonflip dipolar lobe, as expected for direct dipole scat- 
tering (Sects. 3.2.2, 3.3.2). The dipole-scattering events are superimposed 
on an intensity, that increases slowly towards off-specular scattering geome- 
tries (maximum at (5 = —17.5°, 9i = 27.5°, 6^ = 62.5°), which arises from 
exchange-scattering processes exclusively, as indicated by the proportional in- 
crease of the spin-integrated, spin-flip, and nonflip intensities. In accordance 
with the high nonflip intensity and low spin-flip intensity within the dipolar 
lobe, the polarization of the scattered electrons Pg (Fig. 5.25b, filled circles) 
corresponds to that of the incoming electrons near the specular scattering ge- 
ometry {Ps/Po ~ 0.8). Ps is low in off-specular scattering geometries, where 
the scattering is exchange-dominated and dipole scattering is negligible. 

The broadly distributed exchange-assigned intensity of the ^Big ^ ^Eg 
(^T 2 g) 0.56 eV surface-ion excitation (Fig. 5.25a) behaves very similarly to 
that of the bulk d-d excitations at resonant primary energies (Figs. 5.15a,c, 
5.16a, 5.18a,c, and 5.21a,c), except for the maximum of the exchange- 
scattering cross section. This is found at grazing detection angles for the 
surface d-d excitation but in the specular scattering geometry for bulk d-d 
transitions. The origin of this difference between surface and bulk d-d ex- 
citations is not clear at the moment. An enhanced sensitivity for surface 
excitation processes may play a role in scattering geometries with more graz- 
ing detection angles. But an enhancement of the surface sensitivity can also 
be expected for grazing incidence and this is not observed here. Earlier true 
scattering- ang/e-dependent EELS measurements with unpolarized electrons 
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Fig. 5.25. NiO. Scattering-geometry dependence of the energy-loss peaks assigned 
to surface d-d excitations. The primary energy is 38 eV. 5 is the rotation angle of 
the sample; Q\ = 45° -\- 5, 6d = 45° — 5. (a) Spin-integrated intensity 1{AE) (•), 
nonflip intensity N{AE) (o), and spin-flip intensity F{AE) (■) at 0.56 eV energy 
loss (^Big ^ ^Eg (^T 2 g) surface d-d excitation). The surface excitation is excited 
by dipole scattering (nonflip dipolar lobe in the specular scattering geometry) and 
by exchange scattering with a wide angular spread. In contrast to bulk excitations, 
where the maximum of the exchange-scattering cross section is found in the specular 
scattering geometry, the maximum is found at grazing detection angles {S = —17.5°) 
for the surface excitation, (b) Comparison of the normalized polarization of the 
scattered electrons: 0.56 eV (•) and 2.13 eV (□) surface d-d excitations, 1.58 eV 
bulk d-d excitation (o) (from Fig. 5.19a) 



[65], [64, pp. lOSff.j lead to the assumption that it is really the detection 
angle which is of importance here. In these measurements, obtained with a 
fixed incidence angle of 45° and variation of the detection angle, the inten- 
sity of the 0.56 eV surface excitation was also found to be enhanced towards 
grazing detection. In the recent scattering-geometry-dependent energy-loss 
measurements of Muller et al. [139], which are described in more detail in 
Sect. 5. 3. 1.2, the 0.56 eV d-d excitation has also been investigated. Here also 
an increasing intensity towards grazing detection angles is measured. 

As mentioned above, a distinct nonflip dipolar lobe appears in the 0.56 eV 
surface d-d excitation of NiO, even at 38 eV primary energy, where dipole 
scattering is negligible for bulk d-d excitations. This may have two possible 
causes: for the bulk d-d excitations, the resonantly enhanced intensity aris- 

In scattering-geometry-dependent measurements of the kind that we have used, 
the scattering angle is fixed and the incidence and detection angles cannot be 
changed independently (Sect. 4.1.5). For further clarification of the differences in 
the differential exchange-scattering cross sections of surface and bulk d-d exci- 
tations, true scattering-angle-dependent spin-resolved measurements with varia- 
tion of the scattering angle for a variety of incidence angles are needed. 
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ing from exchange processes is found around the specular scattering geometry 
(Sect. 5. 3. 1.2) - but in the case of the surface excitation, the exchange pro- 
cesses are confined to off-specular scattering geometries (Fig. 5.25a). In the 
specular scattering geometry they therefore contribute very little to the to- 
tal scattering intensity; the dipole-scattering events are not superimposed on 
exchange processes and remain clearly visible. In addition, the probability of 
excitation by the dipole-scattering mechanism might be enhanced for surface 
d-d transitions owing to further relaxation of the parity selection rule in the 
reduced symmetry of the surface crystal field (Sect. 2.3.2). 

The weak energy-loss structure at 2.13 eV exhibits an intensity increase 
towards grazing detection angles corresponding to that of the 0.56 eV sur- 
face energy-loss peak (Fig. 5.23). Therefore, the surface-excitation character 
of this loss peak can be assumed. The peak might be assigned to an exci- 
tation into a surface component of a higher 3d multiplet state (Fig. 2.7). 
In addition to the coincidence of the scattering-geometry dependence of the 
spin-integrated intensities at 0.56 eV and 2.13 eV energy loss, the scattering- 
geometry dependence of the polarization at 2.13 eV energy loss also cor- 
responds to that of the 0.56 eV surface d-d excitation (open squares in 
Fig. 5.25b). But it has to be noted that the polarization values of the 2.13eV 
energy-loss peak are not as certain as those of the 0.56 eV energy loss because, 
especially in the specular scattering geometry, the flanks of the 1.58 eV and 
2.69 eV loss peaks and the onset of the dipole-allowed transitions across the 
optical gap strongly superpose the 2.13 eV excitation, as curve fits show. For 
the 0.56 eV excitation, on the contrary, superposition with neighboring loss 
peaks and, especially, the flank of the elastically-scattered-electron peak is 
found to be negligible (Fig. 5.31), independent of the scattering geometry. 

Gorschliiter and Merz [65] attribute the 2.13 eV energy-loss peak to a de- 
fect excitation, owing to its weak appearance in optical absorption measure- 
ments (which are not surface-sensitive) [148, 166] and in energy-loss spectra 
obtained from sputtered surfaces [50]. But the 0.56 eV surface excitation is 
weakly visible for sputtered surfaces, too (Fig. 5.1a), and both excitations, 
0.56 eV and 2.13 eV, are much better observable with freshly cleaved crys- 
tals. It cannot completely be excluded that the 2.13 eV energy loss arises 
from a defect, because the excitation energies within the 3d multiplet of 
a Ni ion adjacent to an oxygen vacancy (Fig. 2.8) differ only slightly from 
those of excitations within the regular surface 3d multiplet and can hardly be 
distinguished from them (Sect. 2.3.3. 1). Nevertheless, our suggestion of the 
surface character of the 2.13eV energy- loss structure is strongly supported 
by the aforementioned (Sect. 5. 3. 1.2) scattering-geometry-dependent EELS 
measurements of Muller et al. [139, 140]. In those measurements, not only are 
identical scattering-geometry dependences of the 2.13 eV and 0.56 eV excita- 
tions found, but also the suggestion of the surface character of the 2.13 eV 
excitation is additionally substantiated by the fact that these two energy-loss 
peaks, at 0.56 and 2.13eV, are the only structures observable for NiO(OOl) 
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films in the submonolayer range. The bulk d-d excitations are completely 
missing here. 

As can be inferred from the considerations above, the intensities of the 
energy-loss peaks corresponding to bulk d-d excitations are more or less 
strongly reduced in off-specular scattering geometries. A similar behavior is 
observed for the dipole-allowed excitations across the optical gap, especially 
for the first gap excitation of NiO (the shoulder at Ri4.8-5eV energy loss in 
Figs. 5.1a, 5.7, and 5.33a), which is assigned to the charge-transfer transition 
[64, p. 70] (Sect. 2.2). The surface d-d excitations, on the contrary, are found 
to increase again towards grazing detection angles. Therefore, off-specular 
measurements with grazing detection are helpful for the identification of fur- 
ther surface d-d excitations. In energy-loss spectra where the 0.56 eV and 
2.13 eV surface energy losses are clearly observable (Fig. 5.23a), the energy- 
loss peak at «1.1 eV, which is usually assigned to the ^A 2 g — > ^T 2 g (^F) bulk 
d-d excitation (Fig. 2.7, Table 5.3), is found to consist of two components 
at l.leV and 1.33eV. This is clearly visible in spectra where the d-d excita- 
tions have been fitted by Lorentz profiles (Sect. 5.5.4, Fig. 5.31). We assign 
the 1.1 eV peak to a superposition of the ^A 2 g ^ ^T 2 g (^F) bulk d-d excita- 
tion with the ^Bi — > ^62 (^T 2 g) surface d-d excitation, and the 1.33 eV peak 
to the ^Bi ^ ^A 2 g (^Tig) or ^Eg (^Tig) surface excitation (Figs. 2.7 and 
2.9). The measured excitation energies are very close to the calculated values 
[44] (Tables 5.3 and 5.4). The participation of surface ions in these excita- 
tions can be inferred, because the splitting is clearly visible only in scattering 
geometries where bulk excitations are reduced and surface excitations are 
enhanced. 

The suggestion of a surface d-d excitation with 1.33 eV energy loss is 
also strongly supported by a comparison of energy-loss spectra obtained from 
sputtered and freshly cleaved crystals under identical experimental conditions 
(Fig. 5.26). For the sputtered surface (Fig. 5.26a), no indication of a d- 
d excitation at 1.33 eV energy loss (dashed line) is found. The bulk d-d 
excitation peaks at l.leV and 1.58eV (denoted by arrows in Fig. 5.26a) 
are distinctly separated owing to the absence of the 1.33 eV surface-ion d-d 
excitation. In the spectrum from the freshly cleaved crystal, the presence of 
the 1.33 eV surface excitation leads to an overlap of the l.leV, 1.33 eV, and 
1.58 eV d-d excitations owing to the limited energy resolution of 230 meV 
(Sect. 4.1.1, Table 4.1). Detailed investigations of the scattering-geometry 
dependence of the intensity and polarization of the 1.33 eV excitation, for 
comparison with that of the surface d-d excitations of 0.56 eV and 2.13 eV 
excitation energy (Figs. 5.23-5.25), are impossible owing to this overlap of 
the energy-loss peaks. 

For MnO no surface d-d excitations were observed in our measurements; 
for CoO one such excitation might be very weakly indicated. The reasons 
are discussed in Sects. 5.5.2 and 5.5.3 together with the assignment of the 
energy- loss peaks to the different d-d excitations. 
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Fig. 5.26. NiO. Spin-integrated energy-loss spectra, measured with 38 eV pri- 
mary energy in the specular scattering geometry. The energy resolution is 230 meV. 
(a) sputtered surface (Fig. 5.2); (b) freshly cleaved crystal (Fig. 5.23d). For the sput- 
tered surface, the 1.1 eV and 1.58 eV bulk d-d excitations {arrows) are distinctly 
separated owing to the absence of the 1.33 eV surface d-d excitation. Generally, in 
spectra from sputtered surfaces, the d-d excitation peaks are found to be slightly 
broader than in spectra obtained from freshly cleaved crystals. The intensity in the 
optical gap is slightly enhanced owing to a continuously distributed background 
arising from excitations into sputter-induced defect states. The intensity of excita- 
tions across the optical gap increases less steeply [50] 



5.4 Antiferromagnetic Order 

5.4.1 Half-Order LEED Spots 

The oxide crystals had to be heated to avoid charging (Sect. 1.1.^). There- 
fore, the NiO crystals were in the antiferromagnetic phase (Neel temperature 
Tn = 523 K, Table 2.1) during the measurements, whereas the CoO and MnO 
crystals were paramagnetic owing to their lower Neel temperatures of 289 K 
and 118 K, respectively (Table 2.1). The antiferromagnetic order of the NiO 
surface was demonstrated by low-energy electron diffraction: at temperatures 
of 400-450 K, as typically used in the NiO measurements, the samples showed 
the typical four half-order LEED spots (Fig. 5.27) indicative of a multido- 
main antiferromagnetic order of the surface [74, 156]. The half-order spots 
vanished at temperatures above the Neel temperature and appeared again 
when the sample was cooled down to temperatures lower than Tn. 

The half-order spots are attributed to exchange scattering and reflect 
the magnetic unit cell of the crystal lattice, which is twice as large as the 
chemical unit cell. Their intensity is very low, ~l-3% of the integer-order 
beam intensities [156], and their observation is difficult. Therefore, they are 
often not found [145, 178]. Nevertheless, a number of experimental as well 
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Fig. 5.27. NiO. DEED pattern of a freshly cleaved NiO crystal, obtained with 
32 eV electron energy and 7 keV screen voltage [31, 135]. The four weak half-order 
LEED spots, which are only observable by use of a CCD camera, are indicated by 
arrows. The intense integer-order spots are over-exposed here 



as theoretical investigations of the half-order spots and of their behavior, 
such as the temperature dependence of the intensity, have been published 
[30, 74, 131, 143, 144, 156, 189, 212]. In our experimental setup, the half- 
order LEED spots were only observable by use of a CCD camera, where up 
to 32 images were added directly at the CCD chip. 

5.4.2 Influence on d d Excitations 

The primary-energy and scattering-geometry dependences of the energy-loss 
peaks investigated here and assigned to d-d excitations are nearly identi- 
cal for antiferromagnetic NiO and paramagnetic CoO (Sects. 5.2 and 5.3). 
Differences are observed for paramagnetic MnO at off-resonant primary en- 
ergies only. But these differences must be attributed to the absence of the 
possibility of excitation by dipole scattering in the strongly dipole-forbidden 
multiplicity-changing d-d transitions of MnO (Sect. 5. 3. 1.3) and do not arise 
from differences in electron-exchange scattering. The electron-exchange pro- 
cesses have been found to show equivalent behavior in the d-d excitations of 
NiO, CoO, and MnO (Sects. 5.2.1, 5. 3. 1.2, 5. 3. 1.3), and electron exchange in 
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the d-d excitations therefore seems to be independent of the magnetic order 
of the oxides. 

Reproducible SPEELS measurements on paramagnetic NiO are impossi- 
ble because at high temperatures the energy-loss spectra have been found 
to become altered during the long data acquisition time (Sects. 4.2.1, 5.2.3) 
needed for spin-resolved measurements. The d-d excitation peaks are reduced 
and the background intensity in the optical gap increases, which we attribute 
to changes in stoichiometry during heating. This suggestion is supported by 
the behavior of the LEED spots (Sect. 5.4.1), which are of worse quality if 
the sample is kept at high temperature for a long time, and by the experience 
of other groups. Shen et al. [178] mention the decomposition of NiO just at 
the Neel temperature, and also Gorschliiter and Merz [65] report changes 
in the surface stoichiometry caused by heating. In the latter EEL measure- 
ments the intensity of the 0.56 eV surface d-d excitation (Sect. 5.3.2) was 
found to decrease strongly within a few hours if the NiO crystal was heated 
to a temperature (525 K) which exceeded the Neel temperature only slightly. 
However, at 380 K, for example, the intensity of the surface d-d excitation 
remains unchanged over several days. Nevertheless, except for these changes 
in the intensity of the surface excitation, the electron energy-loss spectra 
measured with unpolarized electrons below and slightly above the Neel tem- 
perature differ only negligibly [65], [64, pp. 80ff.]. 

Electron energy-loss measurements on antiferromagnetic CoO and MnO 
are not possible, owing to charging caused by the insufficient conductivity 
of these crystals at low temperature (Sect. 4.1.4). But optical absorption 
measurements on CoO and MnO above and below the Neel temperature 
show only small changes in the CoO spectra (such as slight shifts in the d-d 
excitation energies of the order of 0.05 eV and a weak further splitting of a 
few excitation peaks), which are attributed to a tetragonal distortion of the 
crystal field in the antiferromagnetic phase; no changes are observed for MnO 
[164]. 

5.5 Assignment of the d— d Excitation Peaks 

5.5.1 Introduction 

From the results presented in the preceding sections, it is clear that the deter- 
mination of the excitation energies necessary for comparison with calculated 
values and assignment of the energy-loss peaks to particular d-d excitations 
can be done with resonant spin-polarized electron energy-loss spectroscopy 

The magnetic order seems to be of negligible influence not only on the exchange 
processes but on the excitation of d-d transitions in general. This can be con- 
cluded from the completely identical behavior of the d-d excitations in antifer- 
romagnetic NiO and paramagnetic CoO, in contrast to the different behavior of 
the d-d excitations in MnO, which is also paramagnetic. 
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in an optimal way: at the resonant primary energies, especially in the range 
36-38 eV, the intensities of all d-d excitation energy-loss peaks reach their 
highest values (Fig. 5. 2-5. 4). At these energies not only the dominant d-d 
excitations of low excitation energy, located in the optical gaps, but also the 
weaker d-d excitations, superposed on them or on the strongly increasing ex- 
citations across the gap, are clearly observable, especially in the spin-resolved 
spectra (Figs. 5.10 and 5.11). Off resonance, the weaker d-d excitations are 
nearly invisible in the spin-integrated spectra (Fig. 5. 2-5. 4), and measure- 
ments of spin-resolved energy-loss spectra like those of Figs. 5.10 and 5.11, 
covering all d-d excitations, are not possible owing to the very low counting 
rates. 

In addition to resonant spin-resolved measurements, variation of the scat- 
tering geometry in spin-polarized electron energy-loss spectroscopy is neces- 
sary for the measurement and assignment of the d-d excitations: as already 
discussed in Sect. 5. 3. 1.2, the results of the spin-resolved scattering-geometry- 
dependent measurements on CoO clearly demonstrate the multiplicity-con- 
serving character of the d-d transitions with 0.81 eV and 2eV energy loss. 
For NiO, the completely different scattering-geometry dependence of the bulk 
and surface d-d excitations leads to the identification of further, theoretically 
predicted surface d-d excitations (Sect. 5.3.2). 

5.5.2 MnO 

Figure 5.28 shows a magnification of an electron energy-loss spectrum from 
MnO, obtained with incident electrons at the resonant primary energy of 
36 eV (Fig. 5.4). The d-d excitations (labeled A-H in correspondence with 
Fig. 5.10d) were fitted by the Lorentz profiles shown in the lower part of the 
figure. The strongly increasing intensity beyond the optical gap was fitted 
by the flank of a Gaussian curve (broken line in Fig. 5.28). The continuous 
line through the data points is the result of addition of these fits. Only those 
d-d excitations which are clearly visible in spin-integrated spectra such as 
Fig. 5.28 or in the spin-resolved spectra (such as Fig. 5.10) have been fitted. 
As already pointed out in Sect. 5.2.3. 1, the weak d-d excitation at 2.4 eV (B), 
which is hardly visible in the spin-integrated intensity owing to superposition 
on the intense d-d excitations at 2.13 eV (A) and 2.82 eV (C), is clearly 
observed in the polarization and in the spin-flip intensity (Fig. 5.10). Also, 
the 3.82 eV excitation (E) is much more clearly visible in the spin-flip intensity 
and in the polarization curve. 

Such fits have been performed for more than sixty spectra of different pri- 
mary energies between 28 eV and 100 eV to determine the exact d-d excita- 
tion energies. The average excitation energies are given in Table 5.1, together 
with calculated values and experimental results from optical absorption spec- 
troscopy and unpolarized EELS. They have already been used in the term 
scheme of the crystal-field multiplet of MnO in Fig. 2.5. The calculated val- 
ues presented in the second column (table footnote a) have been taken from 
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Fig. 5.28. MnO. Spin-integrated energy-loss spectrum, measured in the specular 
scattering geometry at the resonant primary energy of 36 eV. The continuous line is 
the result of addition of the fits in the lower part of the figure. Details are explained 
in the text 



the Orgel diagram of the configuration, assuming a crystal-field splitting 
parameter Z\cf = lOOOOcm”^ ~ 1.24eV for MnO.^^ All measured d-d exci- 
tations can be assigned to bulk sextet-quartet excitations from the ®Aig (®S) 
ground state of the MnO crystal-field multiplet. Except one d-d excitation 
of higher excitation energy, all sextet-quartet excitations proposed for the d® 
configuration in the O/j-symmetric crystal field (Tables 2.2 and 2.3) of the 
bulk transition-metal ion could be measured, some of them for the first time 
to our knowledge. The assignment of our energy- loss peaks to particular d-d 
excitations was done by making use of comparison with earlier published val- 

Most of the published values of the crystal-field splitting of MnO are in the range 
between 9000 cm~^ ~ 1.12 eV and 11000cm“^ ~ 1.36 eV [28, 85, 86, 94, 164, 
180]. They have been measured or calculated from results of optical and x-ray 
absorption spectroscopy. In the latter case, Acf can be directly inferred from 
the energy difference between the excitations from the O Is level to the TM 3deg 
and TM3dt2g states, both mixed with 0 2p states [28]. 
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Table 5.1. MnO. Bulk d-d excitation energies energies and their assignment to 
transitions from the ®Aig (®S) ground state to quartet Hnal states (Table 2.3, 
Fig. 2. .5). All energies are given ineV. The letters A-H correspond to the notation 
of Figs. 5.10 and 5.28. The statistical error of the excitation energies determined in 
the present work is less than 0.01 eV for peaks A, C, D, G and « 0.02 eV for B, E, 
H 
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ues (Table 5.1). An uncertainty arises in the assignment of the peaks of more 
than 3.31 eV excitation energy, owing to the missing d-d excitation. In op- 
tical absorption spectroscopy [85, 94], a weak absorption structure occurs at 
3.4-3.5eV, which is assigned to the (^D) excitation (Table 5.1). Also, in 
most of our spectra an additional shoulder is visible in the spin-flip intensity 
and in the polarization curve at «3.5eV energy loss (see the spin-resolved 
measurement shown in Fig. 5.10a,b, measured with the 36 eV resonant pri- 
mary energy), which cannot clearly be separated from the intense ^T 2 g (^D) 
excitation (3.31 eV, D). If this structure arises from a genuine d-d excitation, 
our assignments of the peaks with AE > 3.31 eV must be modified slightly. 
The question of the existence of a d-d excitation with w 3.5 eV excitation en- 
ergy could be clarified only by spin-resolved measurements with better energy 
resolution, which are difficult owing to the low counting rates in SPEELS of 
dipole-forbidden excitations (Sect. 4.2). 

Sextet-doublet excitations are not observed in our spin-polarized electron 
energy-loss spectra, as expected for these strongly forbidden d-d transitions, 
which require a change in the spin quantum number of not one, but two 



5.5 Assignment of the d-d Excitation Peaks 109 



{AS = —2). No indications of d-d excitations of surface Mn ions are found. 
This is expected, because the occurrence of distinct surface d-d excitation 
energy-loss peaks implies an ideal surface stoichiometry (Sect. 2.3.3. 1, 5.3.2), 
but all MnO spectra here were obtained from sputtered surfaces (Sect. 4.2.3), 
where the surface d-d excitations are generally expected to be strongly 
quenched (Sects. 2. 3. 3.1, 5.3.2). However, the prominent 0.56 eV surface d-d 
excitation of NiO is weakly visible in spectra obtained from sputtered NiO 
surfaces (Fig. 5.12a), which are of worse quality than those obtained from 
sputtered MnO. Calculations of surface d-d excitation energies for MnO have 
not been published up to now, but the excitation energies are expected to 
lie very close to some of the bulk d-d excitation energies [183]. This reduces 
drastically the chance of their observation in spectra from sputtered surfaces. 
Because of the bad quality of freshly cleaved MnO surfaces mentioned earlier 
(Sect. 4.2.3), it seems doubtful, whether surface d-d excitations of MnO can 
ever be demonstrated experimentally at all. 

At 1.18 eV excitation energy, an additional, weak excitation peak is ob- 
served in the MnO spectra (Figs. 5.4, 5.22, and 5.28). The intensity of this 
loss structure was found to be different in spectra obtained from different 
surface areas. When the energy-loss peaks which can definitely be assigned 
to d-d excitations of the Mn^+ ions in MnO (Table 5.1) are best observable, 
the 1.18 eV excitation is hardly visible. It gains in intensity when the spectra 
are generally of worse quality. We assign the 1.18 eV energy-loss peak to the 
^Eg (®D) ^ ^Tig (^H) excitation of Mn^+ ions. Mn^+ ions have a d"' con- 
figuration, with three t2g electrons but only one eg electron in the ground 
state (compare Fig. 2.4a). These ions could be present if the stoichiometry 
was altered and the oxide Mn20a, which is also stable, was formed instead of 
MnO, which might be the case in some of the surface facets or at the facets’ 
boundaries in our not really single-crystal MnO samples (Sect. 4.2.3). Previ- 
ously published energy-loss spectra of Mn20a show a similar weak energy-loss 
structure between 1 and 2eV [101], which is not discussed by the authors. 
Calculations for different oxidation states of Mn show an enhancement of 
the crystal-field splitting Z\cf and a reduction of the exchange splitting Z\ex 
on going to higher oxidation states [180]. Therefore, the energetically lowest 
d-d excitation of the Mn^+ ion (t^gOg — > t^g) is expected to require a lower 
excitation energy than the lowest energy in the d® configuration (t|gCg ^ 
t^gCg; ®Aig (®S) — > ^Tig (^G)), 2.13 eV (Table 5.1), as can be inferred from 
Fig. 2.4a. Although the real symmetries of the various stable manganese ox- 
ides deviate slightly from Oh symmetry, only small polyhedral distortions 
are expected. Therefore, calculations for octahedral symmetry are epxected 
to give a good approximation [180], and the Sugano-Tanabe diagram for the 
d"' configuration in Oh symmetry [188, p. 110] can be used for a rough es- 
timation of the d-d excitation energies of Mu203. The exact value of the 
crystal-field splitting Z\cf for Mn^+ ions in Mu203 is not known, but if we 
use the published values for Mn^+ ions in different crystal-field surroundings 
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[180], the energetically lowest d-d excitation is found to be the ®Eg (®D) ^ 
^Tig (^H) transition, requiring an excitation energy of 0.6-1 eV, depending 
on the value of Z\cf used. This is in quite good agreement with our mea- 
sured value of 1.18 eV, taking into account the limited quantitative validity 
of the Sugano-Tanabe diagrams (Sect. 2.3.1) and the uncertainty in the ac- 
tual value of Z\cF in Mu 203 . The Mu 203 spectra also exhibit a d-d excitation 
at «2.4eV [101]. Therefore, a participation of Mn^+ d-d excitations in the 
weak energy-loss structure at 2.4 eV (peak B in our spectra. Figs. 5.10 and 
5.28, Table 5.1) cannot be excluded. 

5.5.3 CoO 

As in the case of MnO (Sect. 5.5.2), the d-d excitation energies of CoO were 
determined by fitting the corresponding energy- loss peaks by Lorentz profiles. 
An example of such fits is given in Fig. 5.29 for a spin-integrated spectrum 
measured at the resonant primary energy of 38 eV in the specular scattering 
geometry. The increasing intensity of dipole-allowed gap excitations was fitted 
by the flank of a Gaussian curve again (the broken line in Fig. 5.29). The 
continuous line through the data points is the result of addition of all of 
the fits. Only those d-d excitation peaks which are clearly reflected in the 
spin-resolved spectra (Fig. 5.11) have been fitted and labeled with capital 
letters (A-H): the weak structures C (2.25eV) and F (3.57 eV) are much 
more clearly visible in the spin-resolved spectra, as already mentioned in the 
discussion of Fig. 5.11 in Sect. 5.2.3. 1. 

A broad energy-loss structure appears between 4 and 5 eV excitation en- 
ergy in the spin-integrated spectra (Fig. 5.29), and it cannot be decided 
from these spectra whether this structure should be attributed to a dipole- 
allowed transition across the optical gap or to some d-d excitations. From 
the spin-resolved spectra (Fig. 5.11), it is clear that this feature consists of 
two transitions (G and H), requiring 4.15 eV and 4.6 eV excitation energy. 
Both transitions appear as sharp structures in the polarization curve as well 
as in the spin-flip intensity and must therefore be attributed to d-d excita- 
tions and not to dipole-allowed gap transitions; these would give rise to broad 
energy- loss structures, which would be found mainly in the nonflip intensity 
(see Fig. 5.12 for NiO). 

A variety of energy-loss spectra, obtained with various primary energies 
and scattering geometries, have been fitted to determine the d-d excitation 
energies as exactly as possible. The average excitation energies obtained from 
these fits are given in Table 5.2 together with previously published calculated 
and measured values. The calculated excitation energies in the fourth column 
(table footnote c) are taken from the Sugano-Tanabe diagram for the d^ 
configuration [188, p. 109], using a crystal-field splitting parameter of Z\cf = 
1.1 eV [164]. 

In contrast to MnO (Sect. 5.5.2) and NiO (Sect. 5.5.4), the calculated 
value of several d-d excitation energies of GoO differ greatly for the same ex- 
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Fig. 5.29. CoO. Spin-integrated energy-loss spectrum, measured in the specular 
scattering geometry at the resonant primary energy of 38 eV. The continuous line is 
the result of addition of the fits in the lower part of the figure. Details are explained 
in the text 



citation. The largest discrepancies occur in the calculations of the crystal-field 
splitting of the ground state (Fig. 2.6), where the calculated excitation en- 
ergies of the 'Tig ^ 'A. 2 g (^F) transition differ by more than leV (columns 
2-4 in Table 5.2). Therefore, the assignment of the measured excitation en- 
ergies to particular d-d transitions also shows large discrepancies in the lit- 
erature, and, especially, the assignment of the dominant excitation in the 
spectra at 2eV energy loss (Figs. 5.3, 5.11, 5.29, and 5.30) has been a subject 
of controversy (Table 5.2, columns 5-8): it is assigned to the quartet-doublet 
transitions ^Tig — > ^T 2 g, ^Tig (^G) as well as to the quartet-quartet tran- 
sition '^Tig — > '^A 2 g ("‘F). Our spin-resolved, scattering-geometry-dependent 
energy-loss measurements of the 0.81 eV and 2eV d-d excitations have now 
definitely solved this problem: it is clear that both energy-loss peaks arise 
from a slightly allowed quartet-quartet d-d transition, which can be excited 
by exchange processes as well as direct dipole-scattering processes, resulting 
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Table 5.2. CoO. Bulk d-d excitation energies and their assignment to transitions 
from the "Tig ('*F) ground state to quartet and doublet hnal states (Table 2.3, 
Fig. 2.6). All energies are given ineV. The letters A-H correspond to the notation 
of Figs. 5.11 and 5.29. The assignment of our measured excitation energies mainly 
follows the calculations of Shi and Staemmler [181]. The statistical error of the 
excitation energies determined in the present work is less than 0.01 eV for peaks A 
and B and less than 0.02 eV for the other peaks 
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in a dipolar-lobe-like intensity, strongly peaked in the specular scattering ge- 
ometry, which is confined exclusively to the nonflip intensity (Figs. 5.15b and 
5.16b). As already mentioned in Sect. 5. 3. 1.2, we assign the O.SleV energy 
loss to the "Tig — > "T 2 g ("F) transition in accordance with all assignments in 
the literature (Table 5.2), and the previously controversial 2eV energy loss to 
the "Tig ^ "A 2 g ("F) excitation. In recently published cluster calculations 
of the crystal-field multiplet of CoO, the measured 2eV energy loss is also 
assigned to the "Tig ^ "A 2 g ("F) transition, but unfortunately the calcu- 
lated value (1.71 eV, second column in Table 5.2) is slightly lower than the 
experimentally determined value [73, 181]. Nevertheless, except for the "Tig 
— > "A 2 g ("F) transition, the calculated d-d excitation energies of Shi and 
Staemmler [181] are in very good accordance with our experimental results. 
Most of the values taken from the Sugano-Tanabe diagram for Z\cf = 1.1 eV 
(forth column in Table 5.2) show a similar good agreement with our results. 
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Here, in particular, the calculated excitation energy of the "Tig ^ (4p) 

transition (1.9eV) lies very close to the measured value of 2eV. 

The crystal-field terms of the ^H, ^F, ^G, and states (Table 2.2 and 
2.3) have not been calculated up to now; only one component of can be 
inferred from the Sugano-Tanabe diagram [188, p. 109] (fourth column in 
Table 5.2). Here, three of these terms have been measured for the first time 
(peaks F-H in Figs. 5.11 and 5.29 and in Table 5.2). 

In our spin-polarized electron energy-loss spectra, all measured d-d exci- 
tations in CoO must be assigned to d-d transitions of the bulk ions. In con- 
trast to NiO, where the surface d-d excitations are hardly visible in spectra 
obtained from sputtered surfaces but appear as additional peaks in spectra 
obtained from freshly cleaved surfaces, especially in off-specular scattering ge- 
ometries with grazing detection angles (Sect. 5.3.2), no significant differences 
are observed in the energy-loss spectra of similarly treated CoO surfaces. 
In-situ cleaved and sputtered crystals provide identical spectra. In addition, 
all d-d excitation peaks of CoO seem to show a nearly identical scattering- 
geometry dependence. The intensity is high in the specular scattering geom- 
etry and decreases symmetrically when the sample is rotated (Fig. 5.30). No 
intensity increase towards grazing detection angles, as was found to be typical 
for the surface d-d excitations of NiO, is observed (Sect. 5.3.2, Figs. 5.23- 
5.25). Cluster calculations of the crystal- field splitting of the d^ configuration 
in the C' 4 „ symmetry of the CoO surface predict a variety of surface d-d tran- 
sitions with excitation energies between «0.06 and 3.1 eV [73, 181]. From 
a comparison of high-resolution electron energy-loss spectra obtained from 
freshly prepared and adsorbate-covered CoO surfaces (Sects. 2.3.3, 5. 3. 2.1), 
two weak d-d transitions with excitation energies of 0.05 eV and 0.45 eV have 
been assigned to the "A 2 g — > ^Eg ("Tig) and "A 2 g — > "B 2 g ("T 2 g) surface 
d-d transitions; the calculated values are 0.06 and 0.33 eV [73, 181]. 

In our spectra a very weak energy-loss structure seems to occur at « 0.5- 
0.7 eV energy loss in the spin- flip intensity and in the polarization curve 
(Fig. 5.11). This structure is uncertain and has not been labeled by a capital 
letter in Fig. 5.11, because it is absolutely invisible in the spin-integrated 
spectra owing to its superposition on the strongly increasing intensity of 
elastically scattered electrons and the strong "Tig — s- "T 2 g ('^F) transition 
(0.81eV), because of the energy resolution of «230meV (Sect. 4.1.1, Ta- 
ble ±.l). Perhaps this weak structure indicates the "A 2 g — > "B 2 g, "Eg ("T 2 g) 
d-d transitions of the surface Co^’*' ions, which are calculated to occur at 
0.33 and 0.7eV energy loss [[181] ,Hasse: 1995]. Indications of other surface 
d-d transitions with higher excitation energies are found neither in our spin- 
integrated nor in our spin-resolved energy-loss spectra for CoO (Figs. 5.29 
and 5.11, respectively). A d-d excitation of such a low excitation energy as 
the 0.05 eV ("A 2 g — > '^Eg ("Tig)) surface excitation cannot be resolved from 
the elastically scattered electrons in our measurements, owing to the energy 
resolution of « 230 meV. 



114 



5. SPEELS of Transition-Metal Oxides - Results and Discussion 



0 



2 3 4 0 



2 3 4 0 



2 3 4 5 





id 

'Ui 

c 

0 

C 




0 12 3 4 



01234 012345 

energy loss (eV) 



Fig. 5.30. CoO. Spin-integrated energy-loss spectra, obtained at 38 eV primary 
energy in different scattering geometries, (a) 5 — —15°; Oi = 30°, 6d = 60°. (b) 5 = 
-10°; 6i = 35°, 6d = 55°. (c) S = -5°; = 40°, 6»d = 50°. (d) 5 = 0°; 0; = 6»d = 

45°; specular, (e) 5 = -f5°; = 50°, 6»d = 40°. (f^ 5 = -fl5°; 0; = 60°, 6»d = 30° 



5.5.4 NiO 

For freshly cleaved NiO, surface as well as bulk d-d excitations are observed 
in the energy-loss spectra (Sect. 5.3.2). For an exact determination of all d- 
d excitation energies in NiO, the energy-loss spectra were fitted according 
to the procedures used for CoO (Sect. 5.5.2) and MnO (Sect. 5.5.3). As in 
the case of the bulk d-d excitations, Lorentz profiles were also found to be 
suitable for reproducing the surface d-d excitation peaks in the energy-loss 
spectra. An example of such fits is given in Fig. 5.31. This spectrum was 
measured with incident electrons at the resonant primary energy of 38 eV 
in an off-specular scattering geometry {S = —17.5°, 9[ = 27.5°, 9^ = 62.5°; 
Fig. 5.23a), where the surface d-d excitations are clearly observable. 
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Fig. 5.31. NiO. Spin-integrated energy-loss spectrum, measured in an off-specular 
scattering geometry (<5 = —17.5°; Oi = 27.5°, 6d = 62.5°) at the resonant primary 
energy of 38 eV (see Fig. 5.23a). The continuous line is the result of addition of the 
fits in the lower part of the figure. Details are described in the text 



The average values of the d-d excitation energies of the NiO bulk and 
surface, obtained from several curve fits like that shown in Fig. 5.31, are 
summarized in Table 5.3 (bulk excitations) and Table 5.4 (surface excitations) 
together with calculated values and other experimental results. The term 
schemes of the bulk and surface 3d multiplets of NiO (Figs. 2.7 and 2.9) are 
also based on the excitation energies given in Tables 5.3 and 5.4. The larger 
statistical error of the weak d-d transitions with 3eV and 3.55 eV excitation 
energy (peaks G and H) arises from the fact that these peaks are visible only 
in a few spectra measured in geometries far off specular. Near the specular 
scattering geometry, they are not observable, owing to the superimposed 
high intensity arising from dipole- allowed gap transitions (Fig. 5.23). The 
assignments of our measured excitation energies to the d-d transitions have 
been done according to the considerations of Sects. 5. 3. 1.2 and 5.3.2. 
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Table 5.3. NiO. Bulk d~d excitation energies and their assignment to transi- 
tions from the ^A 2 g (®F) ground state to triplet and singlet final states (Table 2.3, 
Fig. 2.7). All energies are given in eV. The letters B-H correspond to the notation of 
Fig. 5.31. The statistical error of the excitation energies determined in the present 
work is less than 0.01 eV for peaks B-F and less than 0.05 eV for G and H 
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® Janssen and Nieuwpoort [96], In this paper results of various different calculations 
are presented. Here the values which show the best agreement with the experi- 
mental data are given. 

^Newman and Chrenko [148], 

®Propach et al. [166], 

*norschliiter and Merz [65], 

'Cox and Williams [24], 

’Aliiller et al. [139]. 



Table 5.4. NiO. Surface d-d excitation energies and their assignment to transitions 
from the ^Big (^F) ground state to triplet final states (Fig. 2.9). All energies are 
given ineV. The letters A, C, and E correspond to the notation of Fig. 5.31. The 
statistical error of the excitation energies determined in the present work is less 
than 0.01 eV 
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Our measurements show that the intense energy- loss peak at 1.58 eV is 
dominated by the ^A 2 g ^ ^Tig (^F) transition (Sect. 5. 3. 1.2). Indications 
of the ^A 2 g ^ ^Eg (^D) transition are found neither in scattering-geometry- 
dependent nor in spin-resolved measurements within the limits of our energy 
resolution (Sect. ±.1.1). This seems to indicate that the excitation energies 
differ by less than «200meV, as calculated by Michiels et al. [129] and Fu- 
jimori and Minami [59] (second and fourth columns in Table 5.3). The long- 
standing question of whether the ^Tig or the ^Eg level is higher in energy 
can be decided only by spin-resolved measurements with very high energy 
resolution. 



5.6 Transitions Across the Optical Gap 

5.6.1 Interband and Core-Level Excitations of MnO 

Several transitions across the optical gap and transitions from core levels 
into 3d states have been observed in the energy- loss spectra of NiO, CoO, 
and MnO [2, 60, 65, 63, 86, 98, 126], [64, p. 68ff.[, [200, p. 61], [124, 184]. 
For MnO these excitations, up to 95 eV energy loss, are shown in Fig. 5.32. 
Owing to the nearly total lack of calculations for the unoccupied states in 
transition-metal oxides, the assignment of measured excitation energies to 
particular transitions is not yet clear and there are large differences in the 
literature (see Table 5.5 for MnO). An exception are the transitions from the 
3s and 3p core levels to unoccupied 3d states. For MnO the 3p-3d excitation 
energies measured in the present work are 47.5 eV and 50.6 eV (peaks e in 
Fig. 5.32 and Table 5.5). These values are in good agreement with other 
experimental results [2, 60, 98, 124, 126, 184]. They are nearly identical to 
the excitation energies of pure Mn, determined from resonant photoemission: 
the excitation into the ®D final state of the Mn 3p® 3d® configuration requires 

48.1 eV excitation energy; the excitation energies for the ®P and "^F final states 
of this configuration are 50.1 eV and 50.7 eV [182]. The measured excitation 
energy of the broad Mn 3s~Mn 3d transition (around 84 eV, peak f in Fig. 5.32 
and Table 5.5) corresponds to the binding energy of the Mn3s core levels in 
Mn [76, p. 622] as well as in MnO [200, p. 84ff.] and is in agreement with 
other EELS studies [184].^"' 

As already mentioned in Sect. 2.2, the optical gap of MnO has been 
calculated to be a mixed form of a charge-transfer and a Mott-Hubbard 
gap, where the excitation energies of the charge-transfer and Mott-Hubbard 
transitions ((2.1) and (2.2)) are of comparable size: Z\ = (7 ± l)eV, U = 

As in the case of MnO, the excitation energies of the 3s-3d and 3p-3d transitions 
of CoO and NiO deviate only slightly from the binding energies of the 3s and 3p 
electrons in the pure metal. This shows that the chemical bond in the transition- 
metal oxides is of minor influence on the core electrons and that unoccupied 3d 
states are located close to the Fermi level. 



Table 5.5. MnO. Measured excitation energies of core-level and gap transitions (present work) and the assignments made by other 
authors. The letters a-f correspond to the notation of Figs. 5.32. The Mn3p-Mn3d excitation was also measured by McKay et al. 
[Mcka 1987] and Fujimori et al. [Fuji 1990] 
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energy loss (eV) 

Fig. 5.32. MnO. Spin-integrated energy-loss spectrum, measured in the specular 
scattering geometry with 130 eV primary energy. The letters a-f mark core-level 
and gap transitions 



(7.5 ± 0.05) eV [60], and Z\ = 8.8eV, U = 8.5eV [201]. In our MnO energy- 
loss spectra, we assign the first excitation across the optical gap (shoulder a 
in Fig. 5.32) to this combination of a charge-transfer and a Mott-Hubbard 
transition. The measured excitation energy (maximum at « 7 eV) is in very 
good agreement with the calculated values of A and U. 

From comparisons of photoemission spectra and configuration-interaction 
calculations [60, 201], the O 2p band is expected to lie at binding energies be- 
tween approximately 3 and 8eV. Therefore, transitions from the O 2p band 
into unoccupied Mn3d states slightly above the Fermi level may also ap- 
pear around 7 eV in the energy-loss spectra. But such transitions may also 
contribute to the broad energy-loss structure around 10 eV (b in Fig. 5.32 
and Table 5.5). Photoemission peaks arising from occupied Mn3d states are 
found at binding energies between 2 and 4eV [60, 201]. Transitions from the 
Mn3d states into the Mn4s band, which is expected to lie a few electron 
volts above the Fermi level, may therefore also contribute to the 7 eV as well 
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as to the 10 eV energy-loss structure. The participation of dipole-forbiddeir 
Mu 3d-Mn 4s transitions canirot be excluded iir the case of excitation by elec- 
trons of low energy, owing to the possibility of electron exchange and electric 
quadrupole transitions {^Ai = ±2). Our spiir-resolved measurements show 
that electron exchange plays a minor role. The spin-flip intensity, which in- 
dicates the existence of exchange scattering (Sects. 3.3.1, 3.3.2), is small at 
7 eV energy loss. Therefore, a high contribution from exchange processes can 
be excluded. The probability of quadrupole transitions is not known, but the 
Mn3s-Mn3d transitioir, for example, which violates the same dipole selec- 
tion rule, is iir fact observed iir our spin-integrated energy-loss spectra (f in 
Fig. 5.32). Spin-resolved spectra iir the vicinity of the Mn3s~-Mn3d excita- 
tion, which are necessary to decide whether exchange processes contribute to 
this excitation, have not been measured. 

The energy-loss structure around 10 eV (b in Fig. 5.32) is also a subject of 
controversy in the literature and has been attributed to the O 2p-Mn4s, the 
0 2p-Mn3d, and the Mn3d-Mn4s, Mn4p transitions (Table 5.5). In accor- 
dance with the very high intensity of this energy-loss structure, we assign it to 
a dipole-allowed excitation. From the above energy considerations, this must 
be the 0 2p-Mn4s excitation, but a contribution of 0 2p-Mn3d or Mn3d- 
Mn 4s transitions to this broad energy-loss structure cannot be excluded (see 
above). 

The excitation maximum around 18 eV (c in Fig. 5.32) can be assigned 
to either the Mn 3d“Mn 4p or the O 2p~Mn 4p excitation for energetic rea- 
sons. Owing to the high intensity of this energy- loss structure, we suggest a 
prevalence of the dipole-allowed Mn3d-Mn4p excitation. 

The extended, weak energy-loss structure between 28-40 eV (d in Fig. 5.32) 
occurs at nearly identical energetic positions in the transition-metal oxides. 
At the primary-electron energy corresponding to this energy loss, the d-d 
excitations in the various transition-metal oxides exhibit the very strong res- 
onant behavior (see Fig. 5.6 for MnO). As already discussed in Sect. 5.2.1, we 
attribute this energy-loss structure mainly to the O 2p-0 3p transitioir. But 
contributions from other transitions to this very extended energy-loss struc- 
ture, such as Mn3d-0 3p transitions or excitations from the 0 2s level with 
«21eV binding energy [211], for example, cannot be excluded (Sect. 5.2.1). 

5.6.2 Optical Gaps of NiO, CoO, and MnO 

The gap widths of the transition-metal oxides can be determined by several 
experimental methods, such as optical absorption and electron energy-loss 
spectroscopy; often they are obtained from a comparison of photoemission 
and bremsstrahlung isochromat spectra. The published values of the gap 
widths scatter considerably for each of the three oxides (Table 2.1). But, as 
already mentioned in Sect. 2.2, this is not only a consequence of differences 
arising from different experimental methods, but also a consequence of dif- 
ferent gap definitions. As previously shown [83], [84, p. 188], the gap widths 
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Fig. 5.33. Spin-integrated energy-loss spectra of (a) NIO, (b) CoO, and (c) MnO, 
measured in specular scattering geometry with high primary energies {Eq > 
100 eV). The letters a and b mark the first excitations across the optical gap. For 
the determination of the gap width by two different methods {Egi and Eg 2 ’, for 
details see text), the data have been fitted as described in Sect. 5.5. The Lorentz 
profiles htted to the d-d excitations are omitted here for clarity 



Eg determined according to different gap definitions from a single optical 
absorption spectrum of NiO (measured by Powell and Spicer [163])^^ deviate 
by more than 25%: if the onset of excitation across the optical gap is used, 
the optical gap of NiO is found to be 3.1eV; if the first maximum of the 
absorption spectrum is considered. Eg = 4.3 eV. Further gap definitions [83], 
[84, p. 188], which can also be applied to electron energy-loss spectra, are 
illustrated for our EEL spectra in Fig. 5.33: in one method, the gap width is 
taken as that energy where the intensity owing to excitations across the gap 

More precisely, Powell and Spicer measured the reflectivity and calculated the 

optical absorption coefficient from these measurements. 
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reaches half the value of the first maximum of the gap excitations (giving the 
gap width ifgi ) . A second method is to extrapolate the steep rise towards the 
first excitation across the gap and define the gap width as that energy where 
this extrapolation intersects the energy axis (gap width Ag 2 ). These methods 
provide gap widths between the limiting values given by the onset and by 
the first maximum of the gap transitions. Often the type of gap definition is 
not given in the literature. 

The problems arising in the determination of the gap width become con- 
siderably larger when the absorption edge is very smooth, because then the 
discrepancies between the gap widths provided by the different methods of 
evaluation of the spectra increase strongly. This is the case for CoO: in optical 
absorption [163], as well as in electron energy-loss spectroscopy (Fig. 5.33b), 
the absorption edge beyond the optical gap increases much more smoothly 
than for NiO. If the gap width is determined from the optical absorption 
coefficient given by Powell and Spicer [163], according to the procedures de- 
scribed above, the gap width is found to be in the range between 2.5 eV and 
6.5eV. 

If the gap width is determined from low-energy EEL spectra, difficulties 
additional to those for optical absorption spectroscopy arise. Whereas in op- 
tical absorption spectroscopy the absorption in the gap owing to the d-d 
excitations is orders of magnitude lower than for the excitations across the 
gap (Sect. 2.3.2), the d-d excitation peaks in low-energy EELS are of the 
same order of magnitude as and only slightly lower than the gap excitations 
(Sect. 5.1). In resonance, they actually can reach the intensity of the gap exci- 
tations (Fig. 5.1). Even at high primary energies of more than 100 eV, where 
exchange processes are usually expected to be negligible (Sect. 3. 2. 3. 2), the 
intensity of the d-d transitions remains relatively high in the transition- metal 
oxides (Fig. 5.33).^® In particular, MnO and CoO have a high number of d-d 
excitations owing to the high number of terms in the d® and d^ configurations 
and their multiple splitting in the Oh symmetric crystal field (Tables 2.2 and 
2.3); the ones of higher excitation energy (Tables 5.1 and 5.2) are superposed 
on the excitations across the optical gap. Therefore, it is impossible to deter- 
mine definitely the onset of excitation across the optical gap, as can be done 
in optical absorption spectroscopy. 

The absorption edge seems generally to be smoother in energy-loss spec- 
tra than in optical absorption spectra. This effect, which cannot fully be 
attributed to the poorer energy resolution in energy-loss spectroscopy, leads 
to strong deviations between the gap widths determined by optical absorption 
spectroscopy and by EELS, if the extrapolation of the increasing intensity 
beyond the gap is used {Eg 2 in Fig. 5.33). 

The dominant d-d excitations of NiO and CoO at 1.58 eV and 2eV energy loss 
are even weakly visible in energy-loss spectra recorded with 1200 eV primary 
energy [65], [64, p. 72] (Fig. 5.7). 
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The first maximum beyond the optical gap is less pronounced in EELS, 
as a comparison of the spectra of Powell and Spicer [163] and the energy-loss 
spectra shows: in the optical absorption coefficient of NiO, the first excitation 
across the gap is indicated by a distinct shoulder at 4.3 eV, appearing on the 
flank of the 4.9 eV excitation. In EELS a shoulder between 4.8 and 5eV is 
observed (a in Fig. 5.33a; see also Fig. 5.7). In the case of CoO the first gap 
excitation, occurring in the optical absorption spectrum at 6.5 eV, is only very 
weakly indicated in the EEL spectra. It appears as a hardly visible shoulder 
at 6.5-7 eV energy loss (a in Fig. 5.33; see also Fig 5.7). However, if the energy 
where the increasing intensity across the optical gap reaches half the value 
of the first maximum is taken as the gap width (Egi), the optical absorption 
and electron energy-loss spectra provide nearly identical gap widths in the 
case of NiO and CoO: for the determination of the gap width, we used the 
fitted energy-loss spectra (Sect. 5.5) to separate the d-d excitations from the 
strongly increasing excitations across the gap. In Fig. 5.33, the continuous line 
through the data points is the fitted curve, as before. But the Lorentz profiles 
fitted to the energy-loss peaks assigned to d-d excitations (see Figs. 5.28, 
5.29, and 5.31) are omitted for clarity, because only the gap transitions are of 
interest here. From such fits, a gap width (Fgi) of 3.7 eV was obtained for NiO 
(optical absorption: 3.75 eV [84, p. 188]); the gap width of CoO was found 
to be 4.7eV (optical absorption: «5eV [163].^^ For MnO, optical absorption 
spectra of such high quality as those measured by Powell and Spicer [163] for 
NiO and CoO have not been published. If we determine the gap width from 
our energy-loss spectra (Fig. 5.33c) by a procedure analogous to that used 
for CoO and NiO, a gap width of 4.9 eV is obtained. 

For CoO, it is not clear at present whether it belongs either to the class 
of charge-transfer insulators like NiO or to the mixed form of Mott-Hubbard 
and charge-transfer insulators like MnO, where the Coulomb correlation en- 
ergy and the charge-transfer energy are of comparable size (Sect. 2.2). If one 
compares the electron energy-loss spectra of the three oxides (Fig. 5.33), the 
behavior of the absorption edge of MnO corresponds to that of CoO. For 
both of these oxides, the intensity of those transitions which determine the 
optical gap increases very smoothly, whereas NiO exhibits a very steep rise 
towards the first intensity maximum beyond the optical gap, in absorption 
spectra as well as in EEL spectra. This suggests that the gap widths of CoO 
and MnO are determined by the same kind of excitation process, which is 
different from that in NiO. The observed similar behavior of the first gap 
transitions in CoO and MnO, unlike that for NiO, might be a hint that CoO 

The only other published gap width for CoO determined from electron energy- 
loss spectra is 2.5 eV [64, p. 72]. This in contradiction to our value of 4.7 eV at 
first sight, but here the different gap definitions come into play again: Gorschliiter 
determines the gap by extrapolating the increasing intensity across the optical 
gap (7?g2 in Fig. 5.33). If we apply the same method to our spectra (Fig. 5.33b) 
we obtain a corresponding gap width of « 2.6 eV. 
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is not a pure charge-transfer insulator like NiO, but in fact is a mixed form 
of Mott-Hubbard/charge-transfer insulator like MnO. 



6. Summary 



Investigations of the physical and chemical properties of transition-metal ox- 
ides have a long history in solid-state and surface physics owing to the wide 
range of technical applications of these compounds. They have been used 
in lasers and catalysis for decades; their use in various sensors - e.g. for 
gases, high pressures, and magnetic fields - followed more recently. Not least 
a copper oxide is responsible for the occurrence of high-temperature super- 
conductivity in various perovskites. For understanding and optimizing these 
applications, a detailed knowledge of the electronic structure of the bulk and 
also the surface of the transition-metal oxides is indispensable. 

The “simple” transition- metal monoxides NiO, CoO, and MnO, often 
thought to be model substances for oxides with a more complicated struc- 
ture, such as the high-temperature superconductors, do not show metallic 
conductivity, despite an incompletely filled 3d shell, but instead are insu- 
lators with a gap of several electron volts. With the discovery of their in- 
sulating nature more than 60 years ago, they were among the first solids 
found for which a variety of physical properties could not be described by 
one-particle band-structure calculations. These oxides belong to the class of 
Mott-Hubbard and charge-transfer insulators, where a strong Coulomb repul- 
sion prevents the formation of a 3d band. The 3d electrons remain localized 
at the transition-metal ions and cannot move freely through the crystal lat- 
tice; an energy of several electron volts is needed for their transfer between 
neighboring transition-metal ions, leading to the insulating behavior. The lo- 
calized 3d electrons behave very similarly to electrons in free atoms or ions, 
but with one significant exception: the degeneracy of the d states related to 
the magnetic quantum number is partially lifted owing to the crystal field 
of the six oxygen ions surrounding each transition-metal ion octahedrally - 
a “crystal-field multiplet” of 3d states arises. Surface transition-metal ions 
experience a different crystal field owing to missing oxygen ions at the sur- 
face. The degeneracy is further lifted - the bulk and surface 3d crystal-field 
multiplets differ considerably. Generally, excitations within the crystal-field 
multiplet, the d-d excitations, are dipole forbidden because they violate the 
parity selection rule A£ = ±1. Transitions between initial and final states of 
identical multiplicity (so-called multiplicity-conserving transitions) become 
slightly allowed in the crystal field - but the dipole matrix elements remain 



Barbel Fromme: d— d Excitations in Transition-Metal Oxides, STMP 170, 125—129 (2001) 
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small and the transitions are only weakly visible in optical absorption spec- 
tra. Multiplicity-changing transitions, i.e. those in which the initial and final 
states have different multiplicities, remain strongly forbidden because they 
violate the spin selection rule AS = 0 additionally and are therefore hardly 
excitable with light. However, both multiplicity-conserving and multiplicity- 
changing d-d transitions are easily excited by electrons owing to the possi- 
bility of excitation accompanied by electron exchange. 

In the work described here, the electronic structures of the transition- 
metal monoxides NiO, CoO, and MnO have been examined by means of 
spin-polarized electron energy-loss spectroscopy (SPEELS). This experimen- 
tal method could be said to have been predestined for such investigations of 
electronic structures, where optical methods are hardly applicable, owing to 
the limitations imposed by dipole selection rules. We concentrated mainly on 
the localized 3d electrons of the bulk and surface transition-metal ions and 
their dipole-forbidden excitations within the 3d crystal-field multiplet. Some 
measurements of interband and core-level excitations were also included and 
the gap widths were determined. 

Apart from the determination of the d-d excitation energies, the in- 
teraction between the incident electrons and the target, leading to excita- 
tion of the target and the corresponding inelastic electron-scattering process, 
was investigated thoroughly by scattering-geometry-dependent and primary- 
energy-dependent spin-resolved measurements in the energy range between 
20 and 130 eV. Depending on the type of excitation (multiplicity-changing 
or multiplicity-conserving), the scattering geometry, and the primary energy, 
different scattering mechanisms were found to contribute to the d-d excita- 
tions. Excitations by electron-exchange as well as by the dipole-scattering 
mechanism were observed. At certain primary energies, strong resonant scat- 
tering due to the formation and decay of an intermediate compound state, 
similar to that observed in electron-atom and electron-molecule scattering, 
was found. These resonances are of central significance for the determination 
of the d-d excitation energies. Our results, which allow us to distinguish be- 
tween surface and bulk d-d excitations and - to a certain degree - between 
final states of different multiplicity, are briefly summarized here. 

Electron exchange is found to be of considerable significance for the excita- 
tion of all d-d transitions, even at high primary energies of more than 100 eV, 
which exceed the d-d excitation energies by two orders of magnitude. This is 
surprising at first sight, because it is in contrast to the general expectation 
derived from electron-atom scattering, where exchange is thought to be sig- 
nificant only for primary energies close to the excitation energy. Stimulated 
by our experimental results, others have recently calculated the scattering 
cross sections for some d-d excitations in NiO. In these calculations, which 
use a scattering potential provided by Ni ions embedded in the crystal field 
of the surrounding oxygen ions in NiO, the significance of exchange in the 
d-d excitations for energies far above the excitation threshold is also shown. 
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The d-d excitations exhibit striking resonances in the energy range in- 
vestigated; a strong resonance, occurring at identical primary energies in the 
three oxides (36-38 eV), and a weaker one, at higher energies that are differ- 
ent for the three oxides (100-102 eV in NiO, 95 eV in CoO, and 84-85 eV in 
MnO). The resonant enhancement of the d-d excitations is attributed to the 
interference of regular d-d excitations, possible at any primary energy, with 
d-d transitions excited via formation and decay of an intermediate com- 
pound state. The formation of the compound state is possible at certain 
primary energies only, corresponding to inner excitation thresholds. This is 
the transition-metal 3s-3d excitation in the case of the high-energy reso- 
nance and the O 2p-0 3p excitation in the case of the resonance at 36-38 eV. 
Whereas the primary energy for the 3s-3d resonance is shifted according to 
the different binding energies of the 3s electrons in the different transition 
metals, the 0 2p-0 3p resonance occurs at nearly identical energies in the 
three oxides owing to the nearly identical positions of the oxygen levels in 
the transition-metal oxides. 

At off-resonant primary energies, the intensity of the d-d excitations is 
strongly reduced for all of the three transition-metal oxides. Only the domi- 
nant excitations remain clearly visible; the weaker ones are hardly visible or 
not visible at all. Therefore, a knowledge of the resonant primary energies is 
essential for the determination of the d-d excitation energies and comparison 
of the experimental values of these energies with calculated ones. Especially 
at 36-38 eV primary energy, the d-d excitations are excellently observable. 
This is impressively demonstrated in the MnO spectra: all d-d excitations of 
MnO are multiplicity-changing and therefore strongly forbidden by the spin 
as well as the parity, selection rule. The optical transition probabilities for 
such excitations have been calculated to be orders of magnitude lower than 
those for dipole-allowed transitions - but in the energy-loss spectra obtained 
at the resonant primary energy of 36-38 eV these excitations appear with 
intensities comparable to that of the dipole-allowed transitions across the 
optical gap. 

Some of the weaker d-d excitations of MnO, as well as those of CoO and 
NiO, which are superposed on the strongly increasing intensity of dipole- 
allowed transitions across the optical gap or on very intense d-d excitations, 
remain barely visible in the spin-integrated intensity, even in resonance. But 
they are observable in the spin-resolved spectra. They appear clearly in the 
spin- flip intensity and in the polarization of the scattered electrons, owing 
to a large contribution of spin-flip exchange processes in these d-d excita- 
tions, whereas the dipole-allowed transitions across the optical gap contribute 
mainly to the nonffip portion of the spectra. By means of spin-resolved mea- 
surements in resonance, the excitation energies of nearly all sextet-quartet 
d-d transitions of MnO could be measured. For CoO, a variety of quartet- 
doublet transitions of higher excitation energies have been measured for the 
first time. 
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In resonance, the excitation of all d-d transitions was found to be com- 
pletely determined by electron-exchange processes. The intensity of the 
exchange-scattered electrons has a wide angular spread here, as often ob- 
served for impact or exchange scattering. The spin-integrated, spin-flip, and 
nonflip intensities increase symmetrically and in proportion towards the spec- 
ular scattering geometry. Off resonance, the exchange scattering, with its 
wide angular spread, is superposed on strong dipole scattering if multiplicity- 
conserving transitions, which become slightly allowed in the crystal held, are 
excited. The dipole-scattered electrons are found to be distributed in a small 
dipolar lobe around the specular scattering geometry in accordance with 
the expectations from dipole-scattering theory. The dipolar lobe is confined 
exclusively to the nonflip intensity, which is also expected because dipole- 
scattering processes are expected to occur far above the target surface, where 
exchange is impossible. Excitations by dipole scattering are nearly completely 
missing in the spin- for bidden, multiplicity-changing d-d transitions of MnO. 
These excitations, which are not excitable by dipole-scattering processes, 
because they remain highly forbidden even in the crystal held, are nearly 
exclusively excited by electron exchange and this applies also at off-resonant 
primary energies. The scattering-geometry-dependent spin-resolved measure- 
ments clearly demonstrate the dominance of the multiplicity-conserving d-d 
transitions in the NiO and CoO spectra. The intense 2eV excitation of CoO, 
which has been a subject of controversy in the literature, must definitely be 
assigned to a slightly allowed quartet-quartet transition ("Tig ^ (4p)) 

owing to the considerable contribution of dipole-scattering processes observed 
at off-resonant primary energies. 

With freshly cleaved NiO crystals, d-d excitations of surface Ni ions are 
observed. Owing to a different crystal field because of missing oxygen ions in 
the direction of the surface normal, the crystal-field multiplets of the 3d states 
of the surface and bulk transition- metal ions, and therefore the d-d excitation 
energies, are different. As shown by a comparison of spin-resolved scattering- 
geometry-dependent measurements of the well-known surface d-d excitation 
of 0.56 eV excitation energy with corresponding measurements of the 1.58 eV 
bulk d-d excitation, the bulk and surface d-d excitations are found to exhibit 
a completely different scattering-geometry dependence, providing a possibil- 
ity to distinguish between them. Taking advantage of this possibility and 
the high intensity in resonance, further surface d-d excitations of NiO have 
been measured here for the first time. The measured excitation energies of 
the ^Big — > ^A 2 g, ^Eg (^Tig) transitions correspond excellently to the calcu- 
lated values. No surface d-d excitations have been found for freshly cleaved 
CoO crystals. Owing to a poorer cleavage behavior, all spectra of MnO were 
obtained from sputtered surfaces, where the appearance of surface d-d exci- 
tations is not expected. 

The widths of the optical gaps of NiO, CoO, and MnO were determined 
from our electron energy-loss spectra. The gap width is defined here as that 
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energy at which the strongly increasing intensity of transitions across the 
optical gap reaches half the value of the first maximum beyond the gap. If 
this definition is chosen out of the variety of possible gap definitions given in 
the literature, the gap widths obtained from our NiO and CoO spectra (3.7 eV 
and 4.7eV) are in accordance with those obtained from optical absorption 
spectra by use of the same definition. Applying this definition to MnO, where 
absorption spectra of comparably high quality have not been published, a 
gap width of 4.9 eV was obtained. For both CoO and MnO, the intensity of 
the transitions which determine the optical gap exhibits a similar smooth 
increase. NiO, on the contrary, exhibits a very steep rise towards the first 
intensity maximum beyond the gap. This might be a hint that equivalent 
transitions determine the gap in CoO and MnO, but different transitions 
do so in NiO. Therefore, CoO might belong to the class of mixed Mott- 
Hubbard/charge-transfer insulators like MnO and not to the class of pure 
charge-transfer insulators like NiO. 
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